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ABSTRACT
Park Seungman PhD, Purdue University, December 2014. Structure-Functionality
Relationship of Collagen Scaffolds for Tissue Engineering . Major Professor: Bumsoo
Han, School of Mechanical Engineering.
Tissue engineering is a promising technology that enables scientists to create arti-
ficial organs or replace damaged tissues using animal cells and other components. For
successful tissue regeneration, many factors should be taken into account, however,
three components are most crucial: cell, scaffold, and soluble factor(s). In order to
check the functionality after regeneration of desired tissues, various approaches have
been attempted, depending on the physical, biological, and chemical properties of the
tissues. Recently, the importance of the extracellular matrix (ECM) microstructure is
being considered to be important in this regard. The ECM is closely associated with
various functional properties of the tissues including mechanical properties, diffusiv-
ity, and hydraulic conductivity or permeability. Besides providing structural support
and determining the physical and functional properties, the ECM plays various roles
in tissue physiology by regulating cell morphology, growth and intercellular signaling.
The ECM can also be reconfigured by cells during tissue remodeling and wound heal-
ing. In this thesis, in order to investigate the structure-functionality relationship of
engineered tissues (ETs), computational modeling and experimental studies were per-
formed based on the following three topics: (1) the effect of different ECM structures
on the tissue transport property, (2) the effect of the different ECM structures on the
cell functionality and subsequent tissue mechanical property, and (3) the evaluation
of functionality of new vessel networks formed by modulation of ECM structures.
The first study developed computational models (i.e., parameter- and image-based
models) using experimental data to predict transport properties (i.e.,permeability and
xix
diffusivity) of two different microstructural matrices (i.e., monomer and oligomer)
for tissue functionality. The developed computational models underestimated the
permeability result compared to what was obtained experimentally. The image- and
parameter-based models developed in the present study were able to predict values
closest to the experiment data, when compared with previously reported models of
permeability. For diffusivity, the computational results showed a similar trend and
magnitude to the experimental ones.
During cryopreservation of tissues, freezing-induced structural deformation of the
tissues and cells occurs due to formation of ice within the intracellular and extracel-
lular spaces. Several studies focused on developing optimal combinations of cryopro-
tective agent (CPA) and freeze/thaw (F/T) protocols for functional tissue and cell
preservation. In the second study, a hypothesis was tested that the modulation of the
cytoskeletal structure can mitigate the freezing-induced changes of the functionality,
therefore, may reduce the amount of CPA necessary to preserve the tissues function-
ality during cryopreservation. In order to test the above hypothesis, the engineered
tissues (ETs) were exposed to various F/T conditions with or without CPAs, and the
freezing-induced cell-fluid-matrix interactions and subsequent functional properties
of the ETs were assessed. Our result showed that, the use of only a small concentra-
tion of CPA was very successful in completely preserving the elastic modulus and the
viscous friction to the state of the unfrozen 3D stressed structure (STR). This result
underscores the importance of CPA in preserving the cytoskeleton structure and how
that impacts functional properties of the tissue after freeze-thaw cycles.
The third study performed the parametric study to estimate endothelium hy-
draulic conductivity for vessel functionality. Currently, it is known that formation of
vasculatures within the tissues is the most difficult aspect of tissue engineering. More-
over, a method to evaluate new vessel functionality has not been well-established to
date. Therefore, a new method with the osmotic pressure-driven vessel deformation
and the poroelastic theory was developed using new vessel networks formed by vas-
culogenesis for hydraulic conductivity estimation. Results showed that the hydraulic
xx
conductivity was more sensitive to the elastic modulus compared to other parameters.
When the elastic modulus with 10 - 100 Pa and Possionss ratio with 0.3 were applied,
the hydraulic conductivity was well-matched with the previously reported hydraulic
conductivity.
11. INTRODUCTION
Aging and various diseases can affect the function of human tissue and organs. Various
efforts have been made in order to overcome this challenge. One approach is through
surgical transplant that replaces a dysfunctional organ or tissue with a healthy re-
placement in an attempt to maintain a healthy biological system. Currently, this
method has many limitations including a constant shortage of organ donors, im-
mune response from the conflict between organs and tissues after transplant, and
high medical costs [1]. In particular, according to United Network of Organ Shar-
ing (www.unos.org), the gap between the number of people waiting for an organ
transplant and the number of available donors becomes wider and wider [2]. One
alternative is to use engineered tissues to the patients needing transplant [3].
In general, the three main components of engineered tissues include appropriate
cells for the organ of choice (e.g., fibroblast for skin, osteoblast for bone, and chon-
drocyte for cartilage), the extracelluar matrix (ECM), which provides the biological,
biochemical and mechanical environment for the cells, and soluble factors such as
growth factors, adhesive ligands and signaling molecules to maintain growth of the
cells. Replicating the complex 3D ECM is one of the popular areas of research in
tissue engineering. Hydrogels have been widely used for this purpose. Depending on
their origin, hydrogels can be divided into three categories: natural, synthetic, and
hybrid polymers.
Natural polymers can be extracted from the native tissues and may include colla-
gen [4–6], fibrin [7–9], hyaluronic acid [10–12], or matrigel [13–15]. The competitive
advantages of natural polymers over synthetic polymers are their high biocompata-
bility and degradability. Thus natural polymers do not need to be enzymatically
modified.
2Synthetic polymers are used as alternative materials for tissue engineering. Some
of examples of synthetic polymers are PEG [16, 17], PAm [18], PEMEMA [19, 20],
and etc. These polymers act as blank-slate materials which do not contain any nat-
ural enzymatic agents and growth factors to support cell adhesion. However, these
functions can be customized to these polymers via simple chemical modification.
Finally, the hybrid polymers have been created by using the combination of natural
and synthetic polymers to more accurately replicate three-dimensional (3D) microen-
vironment [2]. Despite development of many different types of hydrogels, there is still
a gap between the native tissues and engineered tissues due to the intrinsic difficulty
in precisely tailoring a 3D environment. Specifically, native tissue is a much more
complex structure and contains many various components (e.g., proteins, cytokines,
and molecules) compared to engineered tissues. In addition, generating functional
micro-vasculature is a crucial step for proper biological functionality of engineered
tissues (ETs) and it has been challenging to achieve to date [21].
In order to reduce the gap in performance between native and engineered tissues,
a lot of efforts have been focused on the preservation of functionality and integrity of
engineered tissues. One way to characterize the functionality of the cells in a tissue
is to measure the mechanical property [22]. Many studies have measured various
types of mechanical properties such as elastic modulus, shear modulus, stiffness, and
viscous friction to determine the functionality of engineered tissues [23–25]. Recently,
some groups showed the significance of transport properties such as permeability or
diffusivity as one of the parameters of optimal tissue functionality. This is because
these factors are known to significantly affect the interaction, growth, remodeling and
differentiation of tissues and cells [26–29].
A suboptimal circulatory system (i.e., a lack of vascularization) to provide oxygen
and nutrients within in vitro engineered tissues has been the most challenging aspect
of tissue engineering [30]. Currently, various methods have been used to increase
efficient vascularization of in vitro engineered tissue. The most common approach
is to use a natural polymer such as a collagen scaffold seeded with endothelial cells.
3Garvin et al. used collagen-based hydrogels in vitro for vascularization of the en-
gineered material. In the study, they demonstrated that acoustic radiation forces
induced rapid and extensive vascularization [31]. Callegari et al. utilized a collagen
scaffold seeded with vascular smooth muscle cells (SMC) for neovacularization [32].
Artificial scaffolds have also been employed for new vessel formation. Radisic et al.
cultured cardiomyocytes within porous poly(glycerol-sebacate) scaffolds to mimic a
capillary network [33]. Levenberg et al. utilized 3D biodegradable polymer scaffolds
composed of PLLA and PLGA for the development of a co-culture system contain-
ing myoblasts, embryonic fibroblasts and endothelial cells [34]. Recently, a complex
of natural polymers and artificial polymer has been used for vascularization [35].
Another approach to culture endothelial cells alone in the 3D matrix is to use a mi-
crofludic system. This also helps to understand the formation of vessel networks or
culture endothelial cells and other types of cells together to mimic a realistic hu-
man organ vasculature [36, 37]. Furthermore, the reuse of biological structures (i.e.,
biologically-derived vascularized scaffolds) has received great attention as a promising
scaffold for the vasculature [38, 39]. Despite many efforts and attempts, mimicking
a vascular structure in vitro still remains a challenge. Recently, our group proposed
the creation of a 3D vessel structure by modulating the ECM microstructure. In the
study, it turned out that endothelial colony forming cell (ECFC)-derived vessel net-
works were formed by the interplay of matrix stiffness, collagen oligomers and their
associated intermolecular cross-links.
In this thesis, to engineer fully-functional tissues, the structure-functionality rela-
tionships in a collagen scaffold were investigated. This study addresses three topics
regarding functional engineered tissues: (1) the effects of a collagen molecular struc-
ture on the functional properties of collagen scaffolds; (2) preservation of tissue mi-
crostructure and functionality during freezing by modulation of cytoskeletal structure
and cryoprotective agents (CPAs); and (3) characterization of functional properties
of microvessels formed by vasculogenesis. Chapter 2 compares permeability and the
diffusivity of collagen networks with different molecular structures, monomeric- and
4oligomeric-matrices, using simulations and experiments. Chapter 3 introduces a new
way to cryopreserve tissues and cells with a reduced amount of cryoprotective agents
(CPAs) by modulating cytoskeletal structures. Finally, Chapter 4 provides a new
method for the hydraulic conductivity measurement of a vessel network using the
osmotic pressure-driven vessel deformation and the poroelastic theory.
52. EFFECTS OF COLLAGEN MOLECULAR
STRUCTURE ON FUNCTIONAL PROPERTIES OF THE
COLLAGEN SCAFFOLDS
2.1 Introduction
Type I collagen, as a natural polymer, is the major structural and mechanical
component of the extracellular matrix (ECM) of tissues and organs. As such it is
an ideal starting material for next generation tissue- engineered products and regen-
erative medicine strategies. Since many tissue properties are related to the collagen
fiber microstructure of the ECM, efforts have been focused on how to modulate col-
lagen building blocks to develop collagen matrices with desired functional proper-
ties [40–44]. Relevant functional properties generally include mechanical properties
(e.g., elastic modulus and ultimate strength) and transport properties (e.g., hydraulic
permeability and solute diffusivity). However, most of these studies have been per-
formed via iterative experimentations. Computational model capable of predicting
functional properties based on the structural characteristics of the collagen matri-
ces can significantly accelerate this procedure, and ultimately achieve the successful
design of collagen matrices for tissue engineering and regenerative medicine with op-
timum functional properties.
So far the majority of structure-function relationships as they relate to engineered
tissue constructs have been developed through empirical measurements and subse-
quent phenomenological curve-fittings. The main structural parameters used to mod-
ulate mechanical or transport properties typically include polymer concentration or
fibril density, porosity, pore size, pore shape, pore inter-connectivity, and compres-
sive strain. It has been widely known that lower collagen concentration is associated
with increased transport properties such as permeability [45, 46] and particle diffu-
6sivity [45, 47–49], but decreased mechanical properties such as compressive modu-
lus [41, 46]. In addition, other studies showed that larger pore size or porosity were
correlated with permeability [29,50] and mechanical properties such as rupture stress
or elastic modulus [51,52].
Recently, computational efforts to correlate the microstructure of fibrous and/or
non-fibrous scaffolds to mechanical properties have been reported [48, 53–57]. Com-
putational modeling of these scaffolds offers a competitive advantage over empirical
studies by incorporating additional adjustable parameters (e.g., fibril diameter, fibril
arrangement and etc.) that specify specific microstructural elements that contribute
to macro-level physical properties. However, most of these studies have used simpli-
fied shape, arrangement or isotropic orientation as the basis for their models without
any additional characterization for the 3D networks. Recently Stylianopoulos and
Barocas et al. developed a random growth algorithm [24, 25] to create a model of
calculating the permeability of collagen networks [26]. In these studies, they charac-
terized anisotropic random networks using second order orientation tensor. Another
study also employed the same algorithm to develop a mathematical model of diffusion
with varying fiber structure within collagen gels and tumor tissue [58].
In spite of recent efforts to establish quantitative structure-function relationship
in 3D engineered biomaterials, the predictability of functional properties from mi-
crostructural parameters is still significantly limited. This is mainly due to the emer-
gence of various biomaterials which can be used for tissue engineering making it dif-
ficult to identify and quantify the microstructural characteristics. These parameters
include fiber/fibril structure, arrangement, and intermolecular crosslink [59,60].
In this study, we aim to develop a new computational model which is capable of
predicting functional properties of 3D collagen matrices based on their microstruc-
tural characteristics. We proposed the specific number of branch points, i.e., the
number of interfibril branch points per unit volume, as a measure of collagen mi-
crostructure [60]. The present computational framework incorporates quantifiable
microstructural characteristics of self-assembled 3D collagen matrices to predict and
7estimate matrix transport properties. To validate the computational model, collagen
gels with varying microstructure were constructed and fibril microstructures were an-
alyzed by confocal microscopy. The 3D collagen matrices were constructed by either
i) 3D reconstruction of the confocal images, so called imaged-based method; or ii) pre-
diction from the specific number of branch points, named parameter-based method.
After construction of the matrices, finite element analysis (FEA) was performed to
assess hydraulic permeability and diffusivity. Furthermore, predicted results were
compared with experimental measurements and also available structure- functional-
ity relations in literature.
2.2 Materials and Methods
2.2.1 Preparation and analysis of 3D collagen matrices
All type I collagens were derived from the dermis of market weight pigs. Oligomer
and monomer collagen were prepared as described previously [60]. Purified oligomer
and monomer collagens were lyophilized from 0.1M acetic acid solutions and then
dissolved in 0.01 N hydrochloric acid (HCl). Collagen concentration was determined
using a Sirius Red (Direct Red 80) assay as previously described [61] and all collagen
formulations were standardized based upon purity and polymerization potential.
All collagen formulations were polymerized under identical reaction conditions
to produce 3D matrices as described previously [42]. Neutralized collagen solutions
were kept on ice prior to the induction of polymerization by warming to 37 ◦C. All
collagen matrices were polymerized at desired collagen concentration (1.5 mg/mL)
and oligomer to monomer ratios (0:100, 50:50, and 100:0) in Lab-Tek chambered
coverglass slides (Nunc, Thermo Fisher Scientific, Rochester, NY) and prepared for
immunostaining as described previously [60].
82.2.2 Image-based reconstruction
Fig. 2.1(a) shows a flow chart of the 3D image-based reconstruction modeling
process starting from image acquisition to computational analysis of permeability
and diffusivity. This method was used to predict the transport properties for matri-
ces prepared with either monomer (0:100) or oligomer (100:0) at matched collagen
concentration (1.5 mg/mL). First, fibril microstructures were visualized by collecting
confocal image stacks in combined reflection (fibril-based backscattered light) and flu-
orescence (immune-labeled type I collagen) modes (CRM, Olympus FluoViewFV1000,
IX 81) as shown in Fig. 2.1(b). Combined reflection/fluorescence were ex ported to
the Imaris (Bitplane, St. Paul, MN, USA) for 3D reconstruction, and the Imaris Fil-
ament Tracer was used to quantify fibril volume fraction (fibril density), total fibril
length, average fibril length, number of interfibril branches, and fibril diameter, as de-
scribed previously [60]. Geometric information from CRM and Imaris were exported
to a 3D CAD program (PTC Creo parametric 2.0) for reconstruction of a collagen
matrix model as shown in Fig. 2.1(c). Once the model was complete, information for
monomer and oligomer matrices was exported to the finite element analysis software
(ICEM-CFD, ANSYS 14.0) for mesh generation. Due to high complexity of models,
unstructured tetrahedral fine mesh was exploited.
2.2.3 Microstructural parameter-based reconstruction
For accurate modeling of monomer and oligomer matrices, relevant microstruc-
tural parameters obtained from Imaris Filament Tracer, including fibril volume frac-
tion (fibril density), total fibril length, average fibril length, number of inter-fibril
branches, and fibril diameter, were used as parameters to develop a microstructure-
based computational model. Fig. 2.2(a) shows a concept for the microstructure
parameter-based reconstruction portion of the computational model based on inter-
fibril branch points as the key input parameter. First, number of interfibril branch
points were collected from experimental measurements of matrices prepared with
9oligomer-to-monomer ratios of 100:0, 50:50, and 0:100, and were randomly generated
in a domain. Each point was then connected to its two closest neighboring points
to form a fibril using a two neighboring point connection (TNPC) algorithm. The
main characteristic of the TNPC algorithm is that one point has at least two con-
nections with other points in the vicinity as shown in Fig. 2.2(b). Depending on
their locations, some points may have three or four fibril interconnectivity, which is
similar to what is observed in the collagen networks. The resulting fibril-network
structures representing oligomer-to-monomer ratios of 0:100, 50:50, and 100:0 gen-
erated by the microstructure parameter-based reconstruction were distinct from one
other (Supporting figures, Fig. A.1). The resulting geometric information was ex-
ported to ANSYS-ICEM CFD to construct cylindrical fibrils with a diameter size of
400 nm which was measured by a confocal microscopy image [60]. Recently, it was
found that confocal microscopy tends to overestimate the size of an object compared
to scanning electron microscopy (SEM) [62].
Thus we also utilized 100 nm-sized diameter measured by SEM for monomer
matrix (Type I rat tail collagen ) as reported in the other studies [63]. Fig. 2.2(c)
shows a close-up image of 3D fibril network with 100 nm diameter obtained from the
parameter-based model. Since fibrils are connected via interfibril branch points, the
model yields connections that appear to be in a bent configuration, a phenomenon
which has been observed previously (Fig. 2.2[d]) [63]. The SEM image (Fig. 2.2[d])
shows collagen fibrils that are tortuous and bent in a way that is similar in size
and shape to the parameter-based model. An unstructured tetrahedral fine mesh
was used to create a more accurate model and was better in predicting approximate
fibril characteristics. Upon completion of the parameter-based model, finite element
analysis (FEA) was performed to calculate permeability and diffusivity values for
each matrix.
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2.2.4 Main characteristics of the simulations for permeability and diffu-
sivity
Calculations of permeability (fluid flow) and diffusivity (particle trans- port) were
conducted separately. First, to characterize the creeping flow within porous media






where U , k, µ, ∆p, and l are the average velocity in the fluid domain, hydraulic
permeability, dynamic viscosity, pressure difference, and thickness of the collagen
matrix, respectively. The two basic equations were used to describe fluid motion,
mass and momentum conservation with assumptions of incompressible fluid, no body
force and steady state. The governing equations are as follows:
∇ · u = 0 (2.2)
u · ∇u = −∇p+ µ∇2u (2.3)
where u, p, and µ are the fluid velocity, pressure, and dynamic viscosity, respectively.
Diffusivity can be calculated using the following relation [65]:
< ∆r2 >= 2d ·Deff ·∆t (2.4)
where < ∆r2 > is mean square displacement (MSD), d is dimension (here d =
3), Deff is the effective diffusivity, and ∆t is the time step. Here the mean square
displacement of particles can be estimated by simulating a random motion of particles
within the matrices. To mimic particle random motion, a particle transport equation
was solved by taking two forces (drag force and Brownian force) into consideration.















where mp, dp, ~Vp, ρf , CD, ~Vf , Gi, µ kB, T , and ∆t are the mass, diameter and
velocity of the particle, fluid density, particle drag coefficient, fluid velocity, Gaussian
random number with zero mean and unit variance, dynamic viscosity, Boltzmann
constant, absolute temperature, and time step, respectively. Table 2.1 shows values
of parameters used in this study.
The first and second terms on the right hand side in Equation (2.5) show the hy-
drodynamic force and Brownian force. Brownian force was added using a FORTRAN





(1 + 0.15Re0.687p ) (2.6)
where Rep, the particle Reynolds number, is defined as
Rep =
| ~Vf − ~Vp|dp
ν
(2.7)
where ν is the kinematic viscosity.
For nano-sized particles with small slip velocity, Rep is very small, thus the second
term in Equation (2.6) becomes negligible. The schematics for boundary conditions
for permeability and diffusivity are shown in Fig. A.2.
2.2.5 Numerical conditions for permeability and diffusivity calculation
Two domains were employed for the simulation, fluid (water) and solid (collagen
fiber) domain. The inlet and outlet conditions were set to static pressure 0.035 Pa
and opening average pressure 0 Pa as shown in Fig. A.2(a). The reason of using 0.035
Pa as a static condition at inlet was due to the fact that the fluid velocity obtained in
this pressure range was very close to the real interstitial fluid velocity on the order of
∼1 µm in the soft tissue [27]. Fluid was set to enter inlet (top surface), pass through
the matrix, and escape the outlet (bottom surface). The surface of collagen fibers
was assumed as no-slip condition but side walls were set to free-slip condition which
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implies that fluid flow is not prevented by the walls at all. This assumption is based
on the continuous connection between matrix and interstitial fluid. Both free-slip
boundary condition on the side walls and periodic boundary condition were tested
for the observation of the difference between these. As a result, the difference was
significantly small and negligible as 0.3%. Thus free-slip condition for the side walls
was selected as a boundary condition for all models. Since the pressure difference
between the inlet and the outlet (∆p) was already known as boundary conditions,
true velocity values (u) in the fluid domain can be determined after solving Equations
(2.2) and (2.3). Subsequently, the averaged fluid velocity (U) can be acquired by
averaging all fluid velocity values in the domain. Finally, the hydraulic permeability
can be computed by substituting obtained ∆p and (U) into Equation (2.1).
As the case of permeability computation, there are two domains for the diffusivity
computation where the fluid space where particle randomly moves and the fiber body
which is impermeable to the particle. Side walls were assumed to be periodic condition
as shown in Fig. A.2(b). Total 30 particles by classifying 3 groups were injected inside
the collagen scaffold. 10 particles per group were put randomly on the surface of
sphere with 0.1 µm diameter. Top, bottom, and side surfaces were set to have periodic
boundary condition in order to match with the experimental condition (total time
60-s, time interval 2-s). Parallel and perpendicular restitution coefficients were set to
be 1, indicating that particles bounce off when they contact the fiber. If restitution
coefficients are both 0, the particle tracking is designed to finish after hitting the fiber
surface. After running simulations, 10 particles were randomly selected in order to
calculate the effective diffusivity and to obtain an average diffusivity for each sample.
Finally, the representative diffusivity values of three groups were averaged for each
monomeric and oligomeric matrix.
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2.2.6 Numerical accuracy
Numerical accuracy is the most significant aspect of the simulation because so-
lutions, particularly in a flow field, are always approximate. According to Casey et
al. [67], three types of errors always occur in computational analysis: (1) uncertainty
related to the difference between the actual phenomena and the exact solution, (2)
discretization error with respect to grid dependency, and (3) iteration error involved
in being fully and not fully converged. When it comes to the discretization error,
especially, the solution should not be affected by the number of meshes or mesh size.
Therefore we performed a grid dependency test with three different meshes using a
Grid Convergence Index (GCI) method based on the Richardson extrapolation [68].
For example, three meshes composed of 2,596 k, 1,352 k, and 975 k were used in
the case of the first monomer sample for the test. Then three permeability values
were acquired after running simulations and the extrapolated value was created based
on the three existing values. The relative error among the permeability values was
within 3 ± 1.5% and discretization error related to the extrapolated value was within
2.4 ± 1.4%. Based on this fact, it was confirmed that solutions from the numerical
analysis were independent neither on the mesh size nor on the number. All models for
a monomer and oligomer were designed to meet this requirement. Advection scheme
was high resolution for second order accuracy. Total CPU time per model was de-
pendent on the models and equations ranging from 1 to 7 hours. Root mean square
(RMS) residuals indicating local discrepancy of conservation equation per control
volume were employed for the convergence with the criteria set to 10−4 − 10−6.
2.2.7 Optical measurement of diffusivity in collagen matrices
In order to obtain the diffusivity of the collagen scaffolds with 1.5 mg/mL, an
integrative optical imaging (IOI) experiment was performed using four different types
of FITC-labeled dextrans, 4 kDa (hydrodynamic radius = 1.3 nm), 10 kDa (2.1 nm),
40 kDa (5.1 nm), and 500 kDa (12.6 nm). Briefly, a dilute solution containing dextrans
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was injected into the collagen scaffold using a micro-injection system (MINJ-D-BDCI,
Tritech ). Then time-lapse fluorescent images are taken at 2-second intervals for 60-
seconds, and intensity profiles were obtained using the image processing software
(MATLAB, Mathworks). Finally, these acquired intensity profiles were curve fitted
to the analytic solution of the diffusion equation from a point source as shown in
Equation (2.8) and subsequently effective diffusivity was obtained from Equation
(2.9):
I(r, γi) = Ei(γi)exp[−(r/γi)2] (2.8)
γ2i = 4Deff (ti + t0) (2.9)
where I, Ei, r, Deff , ti, and t0 are the fluorescent intensity, an amplitude term
is compensating the de-focused point spread function, radius of the particle cluster,
the effective diffusivity, real time, and virtual time for the compensation of the finite
size of the injection. The details for IOI have previously been reported in other
study [69,70].
2.2.8 Statistical analysis
Each experiment was repeated at least three times (n ≥ 3). One-way ANOVA
was performed for statistical analysis and the differences were considered statistically
significant when p < 0.05. Results were presented as mean ± one standard deviation.
2.3 Results
2.3.1 Characteristics of monomer and oligomer matrix
Fig. 2.1(b) presents representative confocal microscopy images of monomer (Ra-
tio of Oligomer-to-Monomer=0:100) and oligomer (100:0) matrices, which show clear
differences in collagen-fibril microstructure. These images show monomer matrices
with long, entangled fibrils, whereas oligomer matrices show branched-fibril networks.
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Moreover, these images suggest that monomer matrices have higher porosity or larger
pore sizes than oligomer matrix through image visualization. These visual observa-
tions are supported by estimations of porosity through image-based modeling and
mean pore size through theoretical prediction. The average porosity of monomer ma-
trices, 0.923 (ranges 0.9 to 0.95), is significantly higher than the average porosity of
oligomer matrices, which measured at 0.845 (ranges 0.79 to 0.9, p < 0.05). This dif-
ference in porosity between matrices were also corroborated by previous studies which
demonstrated that oligomer matrices have higher fibril volume fractions (inverse of
porosity) than monomer matrices [42,60].
2.3.2 Result of permeability through the image-based model
Fig. 2.1(c) shows a representative reconstructed monomer matrix using the image-
based method. Other reconstructed monomer and oligomer models are shown in Figs.
A.3 and A.4. After computation, all velocity values in the domain were averaged, and
the average value was substituted into Equation (2.1) for the permeability calcula-
tion. Average permeability for monomer (7.67 × 10−13 m2) are significantly higher
than that of oligomer matrices (2.10×10−13 m2) (p < 0.05). Permeability of monomer
matrices ranges from 7×10−13 m2 to 9.5×10−13 m2, whereas permeability of oligomer
matrices ranges from 2×10−13 m2 to 2.5×10−13 m2. All permeability values obtained
from the computational model are approximately 3 or 4 times lower than what is ob-
served experimentally [59]. However, regardless of whether permeability is calculated
experimentally or through simulation, the permeability value for monomer matrices
is always approximately 3 or 4 times higher compared to oligomer matrices.
2.3.3 Result of permeability through the parameter-based model
Fig. 2.3 shows representative velocity vectors and contour for permeability cal-
culations. Computational analysis began with the assumption of non-slip boundary
condition of the fibril surface. The velocity magnitude on the fibril surface is zero
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(Fig. 2.3), and all velocity values were used to find the average for permeability cal-
culations. Parameters that were used to describe matrices prepared at oligomer to
monomer ratios of 0:100, 50:50, and 100:0 are summarized in Table 2.2. The critical
parameter used to distinguish these three formulations is a point density obtained by
dividing the number of interfibril branch points by the entire volume. 100:0 matri-
ces exhibited the highest point density due to the high number of interfibril branch
points within the matrix, followed by 50:50 and 0:100. In contrast, porosity and mean
branch length decreased with increasing oligomer content.
Fig. 2.4 shows the permeability values which were obtained from parameter-
based models, image-based models, and experiments. In order to be consistent with
previously calculated microstructural properties results, 400 nm diameter fibrils were
employed [60]. The permeability value for 0:100 is the highest at 2.06 × 10−13 m2
followed by 50:50 at 9.44 × 10−14 m2 and 0:100 at 7.00 × 10−14 m2. The magnitude
of difference between 0:100 and 100:0 is similar to that of the image-based models
and experiment; with 0:100 permeability being ∼3 times higher than 100:0. However,
as in the image-based model, the overall computed values were lower compared to
the actual experimental data. Furthermore, the discrepancy between experiments
and parameter-based models with 400 nm diameter fibril is larger than the difference
observed between empirical data and image-based model predictions.
One potential explanation for lower permeability values calculated from the parameter-
based models is the possibility of an overestimated fibril diameter (400 nm) and the
corresponding lower porosity, compared to the actual fibril conditions. During the
quantification of microstructural parameters from the confocal microscopy images, a
specific threshold value was used to extract fluorescent and reflectance intensity of
collagen fibrils. During this process, the chosen threshold, and therefore the image
intensity, may have been at a level that yielded overestimations for fibril diameters.
Recently, it has been found that a laser scanning confocal microscopy (LSCM) based
assessment of an object can over-estimate the size [62]. Whereas, other imaging tech-
niques such as a scanning electron microscopy (SEM) predicts a more accurate size
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or diameter. We recently measured the fibril diameter of rat tail collagen (monomer-
based collagen) as 101.6 nm using SEM [63]. Based on those results, an additional
group with 100 nm-sized diameters was included to the parameter-based model to
examine the effect of fibril diameter on permeability. The smaller diameter mea-
surement resulted in porosity values for 0:100, 50:50, and 100:0 increased to 0.993,
0.987 and 0.984 respectively (Table 2.2). These values are similar to the porosity
(∼0.98-0.99) obtained from direct calculation of 1.5 mg/mL collagen matrices or re-
ported in other studies [46, 71]. Permeability values also increased for each matrix
(7.72×10−13 m2 for 0:100, 4.84×10−13 m2 for 50:50 and 2.83×10−13 m2 for 100:0) at
100 nm fibril diameter compared to 400 nm (p < 0.05). However, these values remain
approximately 4 times lower than experimental data.
Lower computational results could also be attributed to inaccurate assumptions
of the fibril surface. In reality, fluid might slip on the surface of the fibril due to fibril
diameter values that fall within the nanoscale. Therefore, a free-slip boundary con-
dition was also tested. Under free-slip conditions, permeability values for each model
increased to 1.36× 10−12 m2 for 0:100, 7.51× 10−13 m2 for 50:50, and 4.39× 10−13 m2
for 100:0 (Fig. 2.4). These changes to a free-slip surface condition resulted in model-
predicted permeability values that were only two-fold lower than the experimental
results, compared to four-fold difference observed under non-slip condition.
2.3.4 Result of diffusivity through the optical measurement and simula-
tion
The effective diffusivity of four different-sized FITC-labeled dextrans (4, 10, 40,
and 500 kDa) was measured within each collagen matrix. An effect of molecular size
on the diffusivity was observed among monomer and oligomer matrices (see support-
ing figures for diffusivity, Fig. A.5). However, no significant difference was identified
between the observed diffusivity of the two formulations (p > 0.05), except at 500
kDa (p < 0.05 but the difference is very small). This observation is in agreement
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with previous report suggesting that matrix diffusivity is not affected by interfibril
branching, particularly at low collagen concentration (∼1 mg/mL) [59].
Fig. 2.5(a) shows a representative image of Brownian motion of 40 kDa particles
within the parameter-based monomer collagen network. Particles move randomly
within the void space of matrix and occasionally collide with the fibril surface. For
diffusivity calculations, particle displacement was first extracted as shown in Fig.
2.5(b). This graph shows a typical Gaussian distribution for all models, but there
seems to be no notable difference in displacement frequency among 0:100, 50:50, and
100:0. This trend was reflected in the diffusivity values obtained from each model. As
in the experimental results, the average diffusivity values determined from the model
for 0:100, 50:50, and 100:0 were similar to one another as shown in Fig. 2.6. Results
from the image-based model were also similar.
Similar to what was observed from permeability measurements, there is a slight
discrepancy between diffusivities calculated from experimental and computational
methods. The diffusivity values determined from IOI experiment were approximately
two-fold higher compared to what was obtained from both parameter- and image-
based models formulations (0:100, 50:50, and 100:0). These results could be attributed
to assumption on rigidity of particles. In this study, particles were assumed to be
rigid bodies that do not transform, even though they collide with fibrils or other
particles. In reality, the dextran particles, which are polymer, might be flexible
enough to move quickly upon encountering a barrier such as fibrils or other particles.
Studies have shown that a flexible object tends to diffuse more rapidly than a rigid
one. For example, the flexible PEG probe diffused more rapidly compared to the
rigid dendrimer probe with the corresponding hydrodynamic radius [72]. In addition,
uncertainty or gap between real particle movement and the exact solution from the
particle transport equation might contribute to the difference.
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2.4 Discussion
2.4.1 Remodeling of microstructure of monomer and oligomer matrices
Oligomer matrices that retain natural intermolecular cross-links exhibit increased
interfibril branching and matrix stiffness compared to monomer matrices across the
same concentration range. Within the range of 0.5 - 3 mg/mL, fibril density of the two
matrices is comparable with a high fibril density favored in oligomer matrices. Using
interfibril branch points as a relevant design parameter, we developed a new model
for reconstruction of 3D collagen networks which highlights the differences in colla-
gen matrix microstructure and the subsequent effects on matrix transport properties.
Early in the development, it was determined that one of the more important features
of the model would be to define how to incorporate interfibril branching and related
connectivity. Confocal images (Fig. 2.1(b)) provided insight into interfibril interac-
tions and led us to define a branch point at which a single fibril bifurcates into two
or more fibrils. Two neighboring point connection (TNPC) method, a new algorithm
created for 3D reconstructions was used to generate models with microstructural
characteristics that reflected what was observed experimentally (Fig. A.1; Table 2.2).
2.4.2 Significance of the parameter-based model
In the current study, a transport property model of the collagen matrix for perme-
ability and diffusivity was developed using the 3D fibrous porous microstructure deter-
mined from confocal microscopy or parameter characterization. The models presented
in this study provide reliable information about the effect of 3D microstructure on
transport properties (permeability and diffusivity) when compared with experimental
data generated using oligomer and monomer collagen matrices. Computational re-
sults for permeability and diffusivity from parameter-based models and image-based
models produced results which have the same order of magnitude with experimental
results, although slight differences were observed for both properties simulation and
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experiment were compared. Most computational models can be used to study the
effects of fiber arrays or orientations on the transport property rather than charac-
terize and quantify microstructural properties of real 3D collagen networks [26, 73].
However, collagen matrices have extremely complex microstructures with high de-
grees of entanglements and branching. The complexities of these matrices can lead to
difficulties when attempting to assess the microstructure with simple cylinder array
configurations, thus limiting the ability to precisely design biomaterials with desired
transport properties of fluid and solutes including proteins, soluble factors and drugs.
To address these limitations, the proposed computational model uses key design pa-
rameters such as collagen content and interfibril branching points per unit volume
to accurately reconstruct 3D fibrous microstructures and predict subsequent trans-
port properties. The standard methods for quantification and analysis of the physical
properties of the collagen matrix which have been established in previous work [60]
have allowed for the creation of a library of relevant parameters that are necessary
for accurate model development. These parameters are readily available to be used
in simulations for the design of new engineered matrices with desired transport prop-
erties without the need for further empirical characterization of their microstructural
and bulk physical properties.
2.4.3 The difference in permeability of simulation and experiment
Results showed that the permeability values obtained from simulation are under-
estimated compared to experiment data. One possible reason is the assumption of
non-slip boundary condition on the fibril surface. Since the fibril diameter is mea-
sured on the nanometer scale (∼100 nm), it is similar in magnitude to the mean free
path of the molecules (65 nm for air, < 65 nm for water), and fluid might slip on
the fibril surface [74]. To validate this hypothesis, free-slip boundary condition was
applied to the fibril surface. As a result, all permeability values for 0:100 (1.36×10−12
m2), 50:50 (7.51×10−13 m2), and 100:0 (4.39×10−13 m2) increased by a factor of two
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compared to the non-slip condition but remained two times lower than the experimen-
tal data (Fig. 2.4). Another possible explanation is the assumption that a collagen
fibril is impermeable solid, which neglects the details of molecular level structure,
particularly molecular level porosity. In general, collagen is complex protein with a
hierarchical structure which consists of several subunits. Its basic unit consists of
three polypeptide chains (two α1 and one α2) that assemble in a helical configuration
to a procollagen molecule within the cell during collagen biosynthesis. Upon extrusion
to the extracellular space and after undergoing enzymatic modifications, tropocolla-
gen molecules are formed which interact to form microfibrils, and higher order fibrils.
Ultimately, bundles of fibrils give rise to the fiber or fiber bundles that are considered
to be the highest unit of collagen [44, 75, 76]. Due to the hierarchical structure of
collagen, the porosity of fibrils or fibers has been measured by several experiments.
Using moisture adsorption methods Sanjeevi et al. confirmed that collagen fibers
have pores with radii ranging from 5.5 nm to 7.5 nm [77]. Using nitrogen adsorption
method, Boki reported that maximum radius of micropores in raw collagen fibers is
less than 2 nm [78].
Other groups have attempted molecular level analyses of collagen. Buehler et
al. performs mechanical analysis of collagen fibers in order to relate molecular level
mechanical properties to those of the entire material system [44,79]. Results showed
additional considerations must be taken into account when performing mechanical
analyses at a smaller scale compared to when performed at a larger scale. For exam-
ple, they found that splitting a fiber into fibrils or molecules increases surface area
which leads to an increase in chain mobility or diffusion. However, the fibril used
in this study for the numerical analysis was assumed as the impermeable solid body
to the fluid. We expect that the porous structure of collagen is a significant factor
contributing to higher transport values, which was observed experimentally. To our
knowledge, there has been no analysis or direct measurement of transport property
such as permeability at the molecular level. However, if the relationship trend ob-
served by Buehler and colleagues holds for transport, then we may expect transport
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properties of collagen on the molecular level to differ compared to the macro level, thus
providing insight into the source of the discrepancy in permeability values observed
between the simulation and experiment. When considering the appropriateness of
other model parameters, there might be some level of uncertainty between the real
particle movement and the exact solution from the transport equation. It was difficult
to completely mimic and model the real 3D matrix, because the 3D reconstruction
was made from 2D images.
In order to address this challenge, 3D scanning techniques with higher resolution
such as 3D computed tomography might be more appropriate to mimic extremely
complex and inhomogeneous collagen networks. Since each of these elements con-
tribute to the model in different ways, the resulting effect of boundary conditions,
molecular level porosity, uncertainty in particle movement, and intrinsic gap between
simulation and realistic phenomenon, creates a situation in which the observed dis-
parities between experiment and simulation results may be amplified.
Table 2.3 summarizes several permeability predictions for 3D collagen networks
that take into account several parameters such as porosity, fibril radius, and/or diame-
ter. Furthermore, Fig. 2.7 shows permeability values generated by various researchers,
including the values generated by model simulations and experiments in the present
study. Overall, computational and predicted results are lower than experimental re-
sults. Our image-based and parameter-based models yielded values that were closer
(same order of magnitude) to experimental data than other prediction models. In
particular, the values generated from parameter-based model with a free-slip condi-
tion and the Tomadakis predictions are closest to the experiment values. From these
observations, we can conclude with reasonable certainty that the parameter-based
model developed in the current study is a reliable method to predict permeability
values within 3D collagen matrices.
23
2.4.4 The difference in diffusivity of simulation and experiment
Measured diffusivity values from IOI experiments show almost no difference be-
tween 0:100 and 100:0 as reported in a previous study [59]. Simulation results also
exhibit a similar response with calculated diffusivity values of 0:100 and 100:0 being
comparable to one another. One possible theory to explain the similarity between
these two matrices is that the pores within the matrices are much larger than the
particle sizes used. For IOI experiments, although the maximum hydrodynamic di-
ameter used was 25.2 nm (500 kDa) (Fig. A.5), the particle diameter was much
smaller than the predicted pore size of oligomer and monomer matrices. Mean pore
sizes for both formulations are predicted using the Carman-Kozney equation [79],







Where Dh is mean pore size, ψCK is the Carman-Kozeny factor (32 for cylinder),
φ is the porosity, and k is the matrix permeability. The mean pore size of 0:100 is
approximately 2.57 µm, and mean pore size of 100:0 is smaller at around 1.5 µm. Al-
though these values are lower than what has been measured experimentally, these are
still much higher than the 25.2 nm (500 kDa) used in the study (i.e., 102 times and
60 times higher for monomer and oligomer respectively). Furthermore, the number
of inter-fibril branch points does not appear to be a factor affecting diffusivity, since
values were comparable between oligomer and monomer matrices despite the signif-
icantly higher number of interfibril branch points observed in oligomer. The result
further suggests that under the current experimental and computational conditions,
the microstructures of both matrices provide sufficient space for particle movement.
As was the case for the permeability values, experimental diffusivity results are
higher than computational results. However, the degree of difference between the two
is lower at approximately two fold, which means that the computed values are on
the same order of magnitude as the experimental results. The difference might be a
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result of the fact that the particle body was assumed to be rigid in the computation.
In reality, particles might be flexible and transform their shape in order to diffuse
swiftly, when colliding with fibrils. Circulating red blood cells can be used as an
example of such particle. A recent study showed that an elastic, deformable particle
(e.g., polymer) tends to generate a net migration force that pushes it away from
the wall [83]. In addition, fluid flow inside a deformable particle, unlike a hard
particle, might contribute to increased particle speed [84]. The combination of these
factors likely contribute to differences between experiment and simulation results for
diffusivity and provide further insight into ways in which we can improve the current
model.
2.5 Conclusion
Transport properties were investigated through the use of parameter- and image-
based models to simulate and assess tissue functionality. For this study, three collagen
samples (0:100, 50:50, and 100:0) were prepared by changing the ratio of monomer
and oligomer content within the 3D matrices. For permeability values, the degree
of difference between 0:100 and 100:0 was similar regardless for both the computa-
tional model and experiment. However, the computational model underestimated
the permeability result compared to what was observed experimentally. Upon ex-
amination of the model and its parameters, we determined that the combination of
the effect of boundary conditions, molecular level porosity, uncertainty, and intrinsic
gap between simulation and realistic phenomenon contributed to the observed dis-
crepancies. In addition, of several different predictive models for permeability, the
image- and parameter-based models developed in the present study yielded predicted
values closest to what was obtained from the experimental data. For diffusivity, the
computational results showed a similar trend and magnitude of the experimental ones
showing two-fold difference. Our result indicated that computational prediction fol-
lowed by experimental validation should be done to achieve a more accurate way to
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Parameters used for diffusivity calculation of 0:100, 50:50, and 100:0 in this study.
Parameter Dimension
Particle mass (mp) 5.56 × 10−22 [kg]
Particle diameter (dp) 10.2 [nm]
Fluid density (ρp) 1000 [kg/m
3]
Fluid dynamic viscosity (µ) 1.002 × 10−3 [Pa·s]
Boltzmann constant (kB) 1.38 × 10−23 [m2·kg·s−2·K−1]
Temperature (T ) 293 [K]
Table 2.2.
Parameters used from the parameter-based models for matrices pre-
pared with oligomer:monomer ratios of 100:0, 50:50, and 0:100.
Parameter Oligomer:Monomer Ratio
100:0 50:50 0:100
Original numbers of interfibril
branch points
8000 5500 3000
Point density [pts/µm3] 0.64 0.44 0.24
Representative element volume
[µm3]
20 × 20 × 20 20 × 20 × 20 20 × 20 × 20
Final numbers of interfibril branch
points
5120 3520 1920
Mean branching length [µm] 0.77 0.88 1.09
Porosity (Df = 400 nm) 0.786 0.823 0.873
Porosity (Df = 100 nm) 0.984 0.987 0.993
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Table 2.3.























4(1−φ) rf : Fibril radius, φ: Poros-
ity, Kp: Modified Bessel















(1−φp)α[(1+α)φ−φp]2 rf : Fibril radius, φ: Poros-
ity, φp: Percolation thresh-
old (0.037 for 3D), α: Con-
stant (0.661 for 3D)
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Fig. 2.1. Schematic illustrations of the image-based reconstruc-
tion. (a) Flow chart for model construction and permeability and
diffusivity calculations: confocal image acquisition (confocal re-
flectance/fluorescence microscopy), data acquisition (Imaris Filament
Tracer), 3D reconstruction (PTC Creo parametric 2.0), mesh gen-
eration (ICEM-CFD, ANSYS 14.0), (b) representative confocal im-
ages of fibril microstructure in combined reflectance and fluorescence
for monomer and oligomer matrices prepared at 1.5 mg/mL [59], (c)
image-based reconstruction of monomer matrix, and (d) representa-
tive mesh generation of monomer matrix.
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Fig. 2.2. Schematic illustrations of the parameter-based reconstruc-
tion. (a) Flow chart for permeability and diffusivity calculations:
generation of random points (experimental data), generation of fibrils
and 3D reconstruction (two neighboring point connection (TNPC) al-
gorithm), computational mesh generation, and finite element analysis
(FEA) to calculate permeability and diffusivity values, (b) two neigh-
boring point connection (TNPC) method which connects each point
with its two closest neighboring points to form a fibril, (c) close-up
image of 3D fibril network with 100 nm diameter fibril, and (d) SEM
image of rat tail collagen [63].
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Fig. 2.3. Representative computational results for permeability cal-
culation (Oligomer : Monomer, 0:100). (a) Velocity vectors. (b) Ve-
locity contour. The fibril surface was assumed as non-slip boundary
condition and the velocity magnitude on the fibril surface is zero. All
computed velocity values were averaged for permeability calculation.
31
Fig. 2.4. Permeability values obtained from computational methods
and experiments: image-based model (orange square), parameter-
based model with non-slip condition and 100 nm diameter fibril (green
diamond), parameter-based model with non-slip condition and 400 nm
diameter fibril (red circle), and parameter-based models with free-slip
condition and 100 nm diameter fibril (blue triangle) for 0:100, 50:50,
and 100:0. Permeability values obtained from previously conducted
experiments [59] for 0:100 and 100:0 are represented by white plus
signs.
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Fig. 2.5. Representative results for diffusivity calculation of 40 kDa-
sized dextran using the parameter-based model. (a) Particle random
motion (0:100). (b) Particle displacement distribution (0:100, 50:50,
and 100:0). All matrices show a typical Gaussian distribution of parti-
cle displacements with no notable difference in displacement frequency
among 0:100, 50:50, and 100:0.
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Fig. 2.6. Diffusivity values obtained by computational methods
(image-based model and parameter-based models) and IOI experi-
ments. No significant difference between the diffusivity values among
0:100, 50:50, and 100:0. Experimental values are approximately twice
higher than computational values.
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Fig. 2.7. Comparison of permeability values generated from compu-
tational methods, predictive models, and experiment. Computational
and predicted values are lower than experimental values. The devel-
oped models (image- and parameter-based) generated values closer to
the experimental data than other predictive models.
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3. PRESERVATION OF TISSUE MICROSTRUCTURE
AND FUNCTIONALITY DURING FREEZING BY
MODULATION OF CYTOSKELETAL STRUCTURE
3.1 Introduction
Cryopreservation of native and engineered tissues (ETs), without losing their func-
tionality, is critically important for tissue engineering, re- generative medicine, and
the quality control of biospecimens at tissue repositories and biobanks [85–88]. In
spite of the success of several cryopreservation process, maintaining the post-thaw
optimum functionality of the tissue is still difficult to maintain [40, 89–92]. This
challenge is primarily due to the multifaceted aspects of tissue functionality, which
include both biological and mechanical properties. In order to preserve the post-thaw
functionality, both the cellular viability as well as the extracellular matrix (ECM)
composition need to be maintained throughout cryopreservation. The importance of
the ECM microstructure has begun to be recognized since it is closely associated with
various functional properties of ETs including mechanical properties [41, 93], diffu-
sivity [27, 47, 48, 70], and hydraulic conductivity or permeability [26, 28, 64]. Besides
providing structural support the ECM plays significant roles in tissue physiology by
regulating cell morphology, growth [94,95] and intercellular signaling [96]. The ECM
can also be reconfigured by cells during tissue remodeling and wound healing [97,98].
Since ice formation and subsequent biophysical and chemical changes during freez-
ing are thought to cause damage to cells as well as to the ECM microstructure, typi-
cal cryopreservation protocols adopt chemical additives, called cryoprotective agents
(CPAs), to mitigate the detrimental effects of freezing-induced damages [99,100]. The
CPAs are thought to protect the cells and tissues from cryo-injury by lowering the
water/ice phase change temperature, reducing the probability of intracellular ice for-
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mation, stabilizing cellular proteins and lipids, and minimizing the effects of elevated
electrolyte concentrations [101]. Thus, the majority of the research has been focused
on developing optimal cocktails of CPAs and freeze/thaw (F/T) protocols which can
provide acceptable post-thaw functionalities [102, 103]. However, it is very difficult
and time-consuming to identify the effective CPA concentration, composition, and
corresponding F/T protocol, since these parameters are often tissue-type specific and
quantitative understanding of the effects of CPAs on the freezing-induced functional-
ity change is not well established yet [104, 105]. Moreover, many CPAs are typically
toxic and need to be removed from the tissue after thawing. Thus, new CPA reagents
and methods, which are less toxic and applicable to a wide variety of tissue types,
are highly desired and need to be developed [86,106,107].
In order to address this challenge, a new method to cryopreserve functional engi-
neered tissues with a reduced amount of CPA is proposed in this study. The proposed
method is based on the hypothesis that the modulation of the cytoskeletal structure
and cell-matrix adhesion can mitigate the freezing-induced changes in the tissues
functionality and a reduced amount of CPA is necessary to during cryopreservation.
Moreover, a series of recent studies [104,105,108] demonstrated that freezing induces
complex interactions among the cells, interstitial fluid, and ECM, which result in the
spatiotemporal deformation of tissues during freezing. The extent of this deformation
is closely correlated to post-thaw cell viability, cell-matrix adhesion status, and ECM
microstructures [104, 105, 108, 109]. Since all these aspects contribute to the tissue
functionality, tissues may be successfully cryopreserved if the freezing-induced defor-
mation can be min- imized. During the freezing-induced interactions, cells embedded
in the ECM are actively interacting with the ECM by providing additional mechan-
ical support via cell-matrix adhesion complex [110, 111]. Thus, if the cytoskeletal
structure and cell-matrix adhesion can be modulated to provide additional mechani-
cal support to the ECM, it may be hypothesized that cryopreservation of tissues can
be achieved using smaller amount of CPA.
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In this study, we tested this hypothesis by using dermal equivalents as model tissue
systems. The dermal equivalents were prepared by seeding human dermal fibroblasts
in type I collagen matrix with two different configurations so that the fibroblasts had
two different cytoskeletal structures and cell-matrix adhesion configurations. Then,
the ETs were exposed to various F/T conditions with and without CPAs, and the
freezing-induced cell-fluid-matrix interactions and subsequent post-thaw viscoelastic
properties of the ETs were assessed using a dynamic mechanical analyzer (DMA).
The extent of functionality change was further analyzed and discussed elucidating
the effects of the cytoskeletal structure on the cryopreservation outcomes.
3.2 Materials and Methods
3.2.1 Cell culture and reagents
Human foreskin fibroblasts (BR5) were maintained in culture medium (DMEM/F12,
Invitrogen) with 10% fetal bovine serum, 2 mM L-glutamine and 100 U/mL peni-
cillin/100 g/mL streptomycin. The fibroblasts were cultured in 20 mL of supple-
mented culture medium in 75 cm2 T-flasks at 37 ◦C and 5% CO2. Cells were detached
by using 0.05% trypsin and 0.53 mM EDTA.
3.2.2 Engineered tissues with different cytoskeletal structures
The collected fibroblasts were seeded in a collagen solution to form two different
cytoskeleton structures, 3D control (3D CTR) and 3D stressed structure (3D STR)
as previously reported [104, 111]. In the first way, ETs with 3D structures were
prepared by creating a 2 mL collagen (∼3 mg/mL collagen concentration) matrix with
BR5 cells (∼2 ×105 cells/mL). The 3D control (3D CTR) was created by detaching
the ET from the chamber slide after 1 hour incubation, in order to allow the ET
compaction. The 3D stressed structures (3D STR) were constructed using the same
protocol as described for the control; however, a chamber slide with an adhesive
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substrate (CC2 treated Lab-Tex II, Nunc) was used so that the ETs were attached
to the substrate [112]. The ETs were cultured in supplemented DMEM/F12 for
approximately 24 hours.
3.2.3 Freeze/thaw (F/T) protocols
After 24-hour incubation, the ETs were exposed to various F/T con- ditions prior
to the assessment of their functional properties. In order to characterize the effects of
freezing temperature, the ETs were frozen to three different temperatures (i.e., -20 ◦C,
-40 ◦C, and -60 ◦C) and thawed to room temperature using a temperature-controlled
stage. Corresponding temperature history of the ETs during F/T, measured by a
T-type thermocouple embedded, is shown in Fig. 3.1. Due to thermal resistance
between the stage and the ETs, the final temperatures were slightly higher than the
freezing stage temperature exposed. The average cooling rates were calculated to be
11 ◦C/min, 21 ◦C/min, and 28 ◦C/min for -20 ◦C, -40 ◦C and -60 ◦C, respectively, and
their average thawing rates were 9 ◦C/min, 14 ◦C/min, and 15 ◦C/min, respectively.
In order to study the effects of CPA, the ETs were treated with two different concen-
trations of DMSO in 1x PBS (2M and 3M) and then frozen to -40 ◦C on the freezing
stage and thawed to room temperature as reported in previous studies [109,113].
3.2.4 Assessment of post-thaw functional properties
The post-thaw viscoelastic properties of the ETs were characterized by the creep-
relaxation test using a dynamic mechanical analyzer (DMA Q-800, TA instruments)
as shown in Fig. 3.2(a). After measuring the thickness, the ETs were placed in the
compression chamber of the mechanical analyzer. Isotonic PBS solution was added
to the chamber until the ETs were fully submerged. A stepwise compressive load
(3 mN) was applied to the ETs, maintained for 4 minutes, and removed from the
ETs. During the loading, the corresponding temporal deformation of the ETs was
measured. The measured load-displacement data were further analyzed to determine
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the lumped viscoelastic properties of the ETs based on the Kelvin-Voigt four element
model as shown in Fig. 3.2(b). Details about this model can be found elsewhere
[114,115]. Briefly, the elastic properties are represented by two spring elements with
the effective elastic moduli, E0 and E1, and the viscous properties are done by two
dashpot elements with the effective viscous frictions, µ0, and µ1. When the ETs were
subjected to a stepwise stress, σ, the transient strain response of the ETs, ε(t), can















where the relaxation time is given by τσ =
µ1(E0+E1)
E0E1
This model characterizes the creep behaviors of the ETs into three distinct phases
i) instantaneous elastic response characterized by the effective elastic modulus, E0 +
E1, ii) transition from the elastic to the viscous regime by the relaxation time, τσ,
and iii) viscous response with the effective viscous friction, µ0. The transient stain
measurements, the elastic moduli (E0, E1) and viscous frictions (µ0, µ1) of the ETs
were determined by a nonlinear regression analysis. All data from individual runs
were curve-fitted with goodness-of-fit parameter, R2 > 0.95.
3.2.5 Statistical analysis
Each experiment group was repeated at least 3 times (n ≥ 3) and results were
presented as mean ± standard deviation. One-way ANOVA was performed for sta-




3.3.1 Characterization of tissue microstructure
Microstructure and mechanical behavior of collagen gels with and with- out cells
are presented in Fig. 3.3. First, representative SEM micrographs of an unfrozen ET
(3D CTR) and an acellular collagen gel are shown. Fig. 3.3(a) shows a fibroblast
embedded in the collagen matrix of the ET, and this cell is densely entangled with the
collagen fibrils. Collagen fibrils are fused on the cell membrane (Fig. 3.3(b)), and are
connected with the cytoskeleton from the intracellular space (Fig. 3.3(c)). Contrary
to the matrix of the acellular gel (Fig. 3.3(d)), which is composed of a network of
homogeneous collagen fibrils whose diameter is 106 ± 15 nm, much thinner fibrils
(noted with a white asterisk in Fig. 3.3(b)) are noted throughout the matrix of the
ET. Although the thicker fibrils are thought to be formed by the polymerization of
the rat tail collagen, the thinner fibrils are thought to be caused by the cell-matrix
interactions since these were only observed in the ETs. These may be generated by
cell-secreted extracellular proteins or cell-remodeled collagen.
Fig. A.6 shows the behavior of both the acellular gel and the unfrozen 3D CTR
during the creep-relaxation test. Both groups show typical vis- coelastic behaviors,
but the 3D CTR has a higher effective elastic modulus (E0 + E1), which is 140
± 4 Pa, and significantly higher effective viscous friction (µ0), 1108 ± 581 kPa·sec,
compared to the acellular gel. These differences are believed to be resulting from the
dense ECM microstructure (i.e., decreased porosity and increased fibril density of the
ECM), induced by the cell-driven compaction [43,116], and the increased crosslinking
by cell-matrix adhesion and entanglement in the ETs [117]. The additional thinner
fibrous structure may also contribute to the increased crosslinking.
The cytoskeleton structures developed from the different cellular seeding configu-
rations (3D CTR, 3D STR, and 2.5D) [111] were imaged to examine both the actin
structure and the overall cell structure. While examining the cytoskeleton organiza-
tion of the three different groups, it was clearly observed that groups 3D STR and
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2.5D had the formation of stress fibers due to the higher presence of actin, compared
to the dendritic extensions seen in the 3D CTR. The stress fibers indicate cytoskeletal
structures that were responsible for the increase in stiffness ranging from 3D CTR to
3D STR to 2.5D. The effects of F/T process on the cytoskeleton structures frozen at
-20 ◦C, -40 ◦C, and -60 ◦C were also shown in [111]. In this case, it was noticed that
actin structure preservation was increased as the initial actin presence was higher (3D
STR and 2.5D) when frozen at -20 ◦C; however, when the freezing was done at the
temperature below -20 ◦C, few actin structures remained in each cytoskeleton group.
3.3.2 Effects of freezing and CPA on the viscoelastic properties
Microscopic appearance and cell morphology of the ETs following freeze/thaw cy-
cle are compared with ET that was never frozen (or 3D CTR) in Fig. 3.4(a). The cells
in the unfrozen ET have typical dendritic morphology with long extensions (noted
with arrows), but the cells in the ETs following freeze/thaw cycle loose the extensions
and have circular morphology (noted with arrows) regardless of the freezing temper-
atures. These morphological changes indicate damaged cell-matrix adhesion complex
as reported in previous studies [105, 109], and the most significant damage on the
cell-matrix adhesion complex may occur between sub-zero and -20 ◦C. The transient
strain responses of the ETs during creep-relaxation tests are shown in Fig. 3.4(b).
Although all the ETs show typical viscoelastic behaviors, it may vary drastically de-
pending on the freezing temperature. For example, when frozen to -20 ◦C, the ETs
show highest deformation followed by -40 ◦C and -60 ◦C.
Post-thaw microscopic appearances of the ETs treated with DMSO are shown in
Fig. 3.5(a). ETs which were never frozen and frozen without DMSO treatment are
also shown as controls. Even with 2M DMSO treatment, cells loose typical dendritic
morphology (noted with arrows) after F/T and the overall appearances are very
similar to the ETs frozen/thawed without DMSO. However, the 3M DMSO treatment
resulted in a well preserved cellular morphology comparable to that of the ETs which
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were never frozen, although the cells look slightly smaller, which implies dehydration,
and minor topological patterns on the collagen matrix were also noted. Corresponding
viscoelastic behaviors of the ETs are presented in Fig. 3.5(b). It clearly shows that the
3M DMSO group responds to the loading very similar to the unfrozen ET (3D CTR).
Little differences are noted between the 2M DMSO group and the frozen/thawed
group without DMSO (p > 0.05).
3.3.3 Post-thaw mechanical properties
Post-thaw elastic moduli from creep-relaxation tests are shown in Fig. 3.6. The
effective elastic modulus (E0 + E1) decreases significantly following F/T, however,
as the freezing temperature lowers (*p < 0.05), the extent of the decrease of the
effective elastic modulus lessens (Fig. 3.6(a)). Fig. 3.6(b) shows the effect of DMSO
on the post-thaw elastic moduli of 3D CTR. It clearly shows that the addition of
a larger amount of DMSO helps to preserve the post-thaw elastic moduli closer to
original 3D CTR values before freezing. In particular, the 3M DMSO group responds
to the loading very similarly to the unfrozen ETs (3D CTR) (**p > 0.05). Fig.
3.6(c) shows the effects of freezing and DMSO on the post-thaw elastic moduli of
3D STR. Interestingly, 2M DMSO showed a very similar effect as 3M DMSO for the
complete preservation of the functional properties of 3D STR, whereas 3M DMSO
were more effective than 2M DMSO for the preservation of 3D CTR. In other words,
the threshold concentration of DMSO for the preservation of 3D STR seems to be
lower compared to 3D CTR. In addition, the degree of reduction of the post-thaw
elastic moduli of 3D STR was generally lower compared to the 3D CTR. For example,
the post-thaw elastic modulus of 3D STR was decreased from 143 Pa to 120 Pa (up
to 18%). On the other hand, 3D CTR showed a larger reduction of 29%, (from 140
Pa to 99 Pa). The increase in actin is believed to prevent the reduction of elastic
moduli with freezing of 3D STR.
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Fig. 3.7 shows post-thaw viscous frictions according to the effects of the F/T
protocol, DMSO concentration, and cytoskeleton structure. The effective viscous
frictions (µ0 and µ1) of 3D CTR significantly decrease following F/T cycles, as shown
in Fig. 3.7(a). Noticeably, the extent of reduction is very similar regardless of the
freezing temperature, except for µ0 for -60
◦C group. However, the addition of DMSO
in 3D CTR only contributes to the increase in µ1 as shown in Fig. 3.7(b) . Specifically,
the viscous friction (µ1) of the F/T for -40
◦C group is 46 Pa·sec but the viscous
friction (µ1) after 2M DMSO and 3M DMSO is increased to 293 Pa·sec and 258 Pa·sec,
respectively, which are closer to the 3D CTR value (346 Pa·sec) which were never
frozen. On the other hand, the viscous frictions (µ0) of the post-thaw ETs, regardless
of the addition of DMSO, were similar to each other and always lower compared to the
ETs which were never frozen. When it comes to the effect of cytoskeletal structure,
3D STR showed lower viscous friction (µ0) compared to 3D CTR. This indicates that
3D STR behaves more viscoelastically (slope of the viscoelastic model is inversely
proportional to µ0). This is because 3D STR is not compacted, so it contains more
fluid than 3D CTR, as mentioned above. The viscous friction (µ1) following F/T at
-40 ◦C becomes lower compared to 3D STR. However, addition of 2M and 3M DMSO
increased the post-thaw viscous friction (µ1) closer to 3D STR (*p < 0.05) as is the
case for 3D CTR.
3.4 Discussion
3.4.1 Effects of F/T on cytoskeletal structure
Tissue deformation of each group of cytoskeleton organization (3D CTR, 3D STR,
and 2.5D) during the F/T process at -20 ◦C, -40 ◦C, and -60 ◦C were shown in
[111]. In this study, it was observed that the 3D STR and 2.5D structures sustained
less cytoskeleton damage compared to the 3D CTR at a freezing temperature of -20
◦C. The 3D STR group appeared to have better preservation of the actin structure
compared to cells which have never been frozen. It is thought to be due to the fact
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that the presence of higher number of stress fibers probably helps better preservation
of the cytoskeleton compared to the 3D CTR. However, as the freezing temperature
decreased to -40 ◦C and -60 ◦C, no cytoskeleton preservation remained after thawing.
As the temperature gradient increased between the two reservoirs, the extent of tissue
deformation also increased [104]. We anticipate, the significant increase in freezing-
mediated dilatation may have caused the damage in the cells. Therefore, even though
there was apparent cell structure preservation in the 3D STR at -20 ◦C, this increase
in the actin structure may no longer be effective at lower temperatures during a 3D
configuration.
3.4.2 Effects of F/T and DMSO on functional properties
The effects of cryopreservation on the functional properties of ETs are poorly un-
derstood even though their significance is well recognized. Research on the post-thaw
functional properties has mainly been focused on the mechanical properties of na-
tive tissues, as previously reviewed [90]. Although relatively fewer studies have been
done on the mechanical properties of ETs, it has been reported that some of the me-
chanical properties, including ultimate tensile strength and maximum stiffness, are
significantly affected during the freezing process [86]. The results of all these stud-
ies are highly tissue-specific and sometimes contradict each other. Thus, it is very
difficult to apply a successful cryopreservation protocol optimized on a given type of
tissue to other tissue types. In order to address this challenge, the underlying bio-
physical mechanism governing the post-thaw functional properties needs to be better
understood. In this context, the present results provide mechanistic insights into
the freezing-induced changes of the functional properties, specifically the viscoelastic
mechanical properties.
It is found that the use of CPA can improve tissue preservation (E0, E1, and
µ1), but it seems that there is a threshold concentration of CPA which is optimum
for this to happen. Below this threshold, the CPA treatment has no notable differ-
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ence from F/T without CPA. A similar threshold of CPA was also reported while
the freezing-induced ET deformation, ECM structure and cellular viability were mea-
sured [109]. This threshold value is thought to be associated with CPA-induced
thermo-mechanical changes, specifically those on the phase change temperature and
subsequent interstitial fluid transport and cell-matrix interaction during freezing. In-
terestingly, regardless of freezing condition and CPA usage, the viscous property (µ0)
of the ETs is not preserved (Fig. 3.7). The change in the matrix crosslinking should
be the primary reason for poor preservation of the viscous properties. Since the
cell-matrix adhesion, entanglement, and endogenous crosslinking by cell-synthesized
collagen contribute to the crosslinking, these are thought to be most susceptible to
cryoinsults and could be potential targets, guaranteeing the post-thaw functionality
of the ETs.
3.4.3 Combined effects of cytoskeletal structure and CPA on the func-
tional properties
It was found that individual cytokeletal structure and CPA are strongly involved
in the preservation of the post-thaw functional properties. Most of all, 3D STR
showed a lesser extent of loss in mechanical properties compared to 3D CTR (Fig.
3.6). This is thought to be due to the presence of stronger actin structure in 3D
STR, which causes the formation of stress fibers. Thus, the stronger actin structure
might be more protected from the post-thaw deformation. In addition, above the
threshold concentration, CPA was very helpful to preserve the functional properties
as shown in Fig. 3.6(b). After freezing 3D CTR at -40 ◦C and subsequent thawing, the
addition of DMSO around a specific concentration was found to be very effective for
the preservation of the property. Noticeably, addition of 3M DMSO mostly recovered
the elastic modulus to the 3D CTR value.
Therefore, the effects of cytoskeletal structure and CPA on the post-thaw func-
tional properties can be confirmed as shown in Figs. 3.6(c) and 3.7(c). The use of
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only a smaller concentration (2M) of CPA in 3D STR, unlike 3D CTR, was needed
for successful preservation of the elastic moduli to the state of the unfrozen 3D STR.
Moreover, DMSO had a positive effect on the preservation of the viscous friction (µ1).
In light of the results above, a new method of using the combined effects of cytoskele-
tal structure and CPA were found to be useful in preserving the post-thaw functional
properties of the ETs. Such a strategy will shed new light on the better preservation
of the post-thaw functionality of the ETs.
3.5 Conclusion
In order to test a hypothesis that the modulation of the cytoskeletal structure
can mitigate the freezing-induced changes of the functionality and can reduce the
amount of CPA necessary to preserve the ETs functionality during cryopreservation,
the ETs were exposed to various F/T conditions with and without CPAs, and the
freezing-induced cell-fluid- matrix interactions and subsequent functional properties
of the ETs were assessed. According to previous study [111], individual cytoskeletal
structure and CPA play important role in the preservation of the post-thaw functional
properties. First of all, after the F/T process took place at -20 ◦C, the 3D STR group
showed higher preservation of the actin structure compared to the 3D CTR. This may
indicate either an increase in stiffness or that the presence of stress fibers provided
better cytoskeleton preservation compared to the 3D CTR. In addition, above the
threshold concentration, CPA was very helpful to preserve the functional properties.
Finally, the cumulative effect of cytoskeletal structure and CPA on the post-thaw
functional properties can be confirmed showing that the use of only a smaller concen-
tration was very successful in complete preservation of the elastic moduli (E0 and E1)
and the viscous friction (µ1) to the state of the unfrozen 3D STR. However, further
research is still required to establish quantitative structure-function relations relevant
to ETs optimize better cryopreservation protocol.
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Fig. 3.1. Temperature history of the ETs during freeze/thaw pro-
cesses. The temperature of the freezing stage was set at -20, -40 and
-60 ◦C. Initially the ETs were at room temperature, placed on the
freezing stage for 5 minutes, and passively thawed at room tempera-
ture.
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Fig. 3.2. Schematic of creep test setup and corresponding lumped vis-
coelastic model. (a) Schematic and photograph of the submerged com-
pression chamber of the DMA. (b) Kelvin-Voigt four element model
consisting of two springs (E0, E1) and two dashpots (µ0, µ1). (c)
Temporal strain response with respect to a stepwise stress σ.
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Fig. 3.3. Microstructure of the ET and acellular collagen gel (Type
I rat tail collagen), and corresponding mechanical behaviors during
creep-relaxation test. (a) CryoSEM image of the ET. (b) Close-up
image of the extracellular space. (c) Close-up image of the intracel-
lular space. (d) CryoSEM image of the acellular collagen gel.
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Fig. 3.4. Effects of the freezing temperatures on the post-thaw vis-
coelastic properties of ETs. (a) Micrographs of the post-thaw mi-
crostructure of ETs. (b) Transient strains during creep tests.
Fig. 3.5. Effects of DMSO treatment on the post-thaw viscoelastic
properties of ETs. (a) Micrographs of the post-thaw microstructure
of ETs with and without DMSO. (b) Transient strains during creep
tests.
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Fig. 3.6. Effects of the cytoskeleton on the post-thaw elastic moduli
(E0 and E1). (a) Effects of the freezing temperature on 3D CTR. (b)
Effects of DMSO on 3D CTR. (c) Effects of DMSO on 3D STR. (n ≥
3 for each point).
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Fig. 3.7. Effects of the cytoskeleton on the post-thaw viscous frictions
(µ0 and µ1). (a) Effects of the freezing temperature on 3D CTR. (b)
Effects of DMSO on 3D CTR. (c) Effects of DMSO on 3D STR. (n ≥
3 for each point).
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4. QUANTITATIVE STUDY FOR THE
FUNCTIONALITY OF VESSEL NETWORKS
4.1 Introduction
The microvascular wall endothelium which provides a physical barrier between
blood and tissue is critically important to the function of vascular systems. It is a
porous membrane which senses fluid shear stress, secrete chemicals (e.x., nitric ox-
ide), and protect from pathogens [2]. Also, it is a mediator that facilitates fluid or
solute transport. Several proteins, cytokines, macromolecules and nanoparticles are
constantly being transported between plasma and the tissue spaces, via mechanism
called transcapillary transport [118]. The vessel barrier function regulates the trans-
port of solute, water, or ions across the wall [119]. Dysfunction in endothelium can
cause disorders in the physiological system and vascular homeostasis, and even lead
to several diseases. The malfunction of vascular endothelium was found to cause tis-
sue edema [120]. In contrast, the inflammatory response facilitated the transport of
macromolecules by reducing adhesion of the cell-cell or cell-matrix [121]. Therefore,
the validation of new vessel networks formed by vasculogenesis or angiogenesis is a
very significant process for vessel functionality and integrity.
In general, the endothelium shows different characteristics in terms of the bar-
rier function in an organ-specific manner. In other words, barrier integrity may vary
between organs and even in the vascular areas within the same organ. Lung en-
dothelium was found to be more stringent in the passage of substances compared to
arterial and venular endothelium [122]. The hydraulic conductivity of capillaries in
the brain or skin turned out to be much lower than that in skeletal muscle or the
lung [123]. Thus, the exact characteristics and integrities of the particular tissue in
use should be taken into account when verifying the barrier function of the endothe-
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lium. Typically, there are three parameters which can indicate the quality or property
of the vessel wall as a barrier: Lp (hydraulic conductivity), Ps (solute permeability),
and αr (oncotic reflection coefficient) [124]. These factors regulate fluid and solute
transport across the vessel wall. In particular, Starlings law has been widely used
in order to describe the transvascular transport of water. The basic concept of this
law is that the driving force for fluid transport is due to a difference between osmotic
and hydrostatic pressure inside and outside the vessel. This law includes hydraulic
conductivity (Lp), one of the parameters for the vessel barrier function. However, the
most critical limitation of Starlings law is an assumption that the vessel wall only
plays a passive role in transvascular flow; this law neglects parameters such as pos-
sible vessel deformation, movement, and cellular dehydration during the transport
process. Moreover, recent advances in experimental techniques indicated that the
capillary wall was a more complex structure, and transcapillary transport process is
more complicated than previously appreciated. Several studies showed that the cap-
illary wall ultrastructure plays crucial role in determining filtration and absorption
across the capillary wall [125]. Based on the fact, it was confirmed that using the
classical approach such as Starlings theory, it was not possible to precisely describe
the complex transport phenomena of the vessel structure. In order to overcome this
challenge, Hu and Weinbaum developed a microstructural model for the vascular
structure at cellular level [126]. Speziale treated the capillary wall as a poroelastic
material [125,127].
As mentioned above, one of the promising ways to address the limitation of Star-
lings law is to apply a poroelastic theory or consolidation theory to the biological
porous structure. The poroelastic theory assumes that the pore structure is replaced
by a homogeneous system where the fluid and solid phases coexist at each point.
The advantage of this approach is that analytic solutions of the governing equations
can be derived by the simplified mathematical problem. In addition, this approach
takes into account the estimation of the stress and strain distribution in the porous
structure. So far many studies have been focused on the application of the poroelas-
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tic theory to the various types of polymers or native tissues. These examples include
flow through articular cartilage [128], interaction between the deformation of the bone
matrix and the flow of fluid [129], and biomechanics of the brain [130]. However, the
application of the poroelastic theory to the vessel wall is a poorly understood area.
In fact, since vessel wall itself is a porous-elastic structure, the same approach above
can be applied. Recently, one study developed the poroelastic model to predict tran-
scapillary flow in normal tissues [125,127]. In that study, not only vessel wall but also
endothelial glycocalyx known to be involved in physiological processes, was included
in the model. By solving the model equations analytically, it was possible to predict
the stress and strain distribution across the vessel wall. In addition, the desired prop-
erty or parameters (e.g., vessel conductivity, permeability, or elastic modulus) can be
inversely derived using experimental data sets.
In this study, the hydraulic conductivity of a new vessel formed by vasculogen-
esis was measured by applying an osmotic pressure-induced vessel deformation to a
poroelastic theory. To accomplish this, vessel networks were generated by seeding
ECFCs into a 3D collagen matrix and culturing for about 7 days. Then two different-
sized particles, 40 kDa dextran and 500 nm microbead (40 kDa dextran, which is
known to be selectively permeable to the vessel wall and a 500 nm fluorescence bead
is known to be impermeable to the vessel wall), were added to the culture and they
were injected near the vessel in order to induce the osmotic pressure. Injection of the
500 nm fluorescence bead near the vessel showed clear deformation of the vessel wall.
Based on these vascular deformations, a parametric study was performed to check
the effect of several poroelastic parameters on the hydraulic conductivity.
4.2 Several Methods for Hydraulic Conductivity
Several studies in this area are now underway to measure hydraulic conductivity.
However, currently there is no agreement regarding how vessel permeability should be
measured [131]. The most common method for the measurement of capillary perme-
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ability is the Landis-Michel technique (or single cannulation technique) [132]. Briefly,
one side of a capillary vessel is cannulated by pipette by occluding the other side by
the glass rod. Then red blood cells are injected into the pipette and the velocities of
the cells at the specific two points are measured after increasing the pressure of the
pipette side. The flow rate can be obtained using the velocity difference between two
cells and accordingly, fluid flux per unit area across the vessel wall can be estimated.
Eventually, hydraulic conductivity can be determined using the Starling law. Using
this method, the measurement of capillary hydraulic conductivity in vivo has been
done under a variety of conditions [133–135]. In this approach, however, it is not
possible to measure shear stress, which is known to significantly affect the hydraulic
conductivity, because the pressure at the occluded side is unknown. Moreover, it is
highly possible to damage the vessel due to the vessel occlusion. In order to overcome
this challenge, Neal and Bates devised the Landis-Michel technique by cannulating
both sides of a capillary vessel [136]. This method enabled estimation of both hy-
draulic conductivity and also shear stress by controlling inflow and outflow pressures.
In addition, the possible compression damage due to the vessel occlusion is eliminated.
It was discovered that microvascular hydraulic conductivity was highly dependent on
flow direction, while being independent of shear stress [137]. However, since this
technique is limited to in vivo measurement of capillary hydraulic conductivity, it is
not easy to estimate and adjust the exact vessel surface area and volume.
Alternatively, Sill and Tarbell designed equipment to measure the hy- draulic
conductivity of the endothelial monolayer. In vitro measurement using endothelial
monolayer allows for the direct measurement of hydraulic conductivity without ex-
tracelluar matrix and other vessel components. They confirmed that shear stress
increased hydraulic conductivity [138]. As a follow-up study, Chang and Tarbell
measured hydraulic conductivity (Lp) and albumin permeability (Pe) of three dif-
ferent endothelial cells (HUVECs, BAECs, and BRECs) to understand the effect of
VEGF on the transport properties of the endothelial cell monolayer [139]. This study
showed that exposure to VEGF increased the hydraulic conductivity in BAEC and
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BREC monolayers , but there was no significant change in the hydraulic conductiv-
ity of HUVECs. In another study, they measured both hydraulic conductivity (Lp)
and albumin permeability (Pe), including the reflection coefficient before and after
addition of VEGF [140]. However, most of these studies measured hydraulic conduc-
tivity using Starlings law, one of the classical views which assume that the vessel wall
plays a passive role in the transcapillary transport as mentioned above. In addition,
this setup was somewhat complicated and the osmotic pressure was neglected despite
the use of BSA. Finally, these measurements were focused mainly on well-established
mature ECs. In other words, the permeability measurement of new vessels formed
by immature cells such as progenitor cells or stem cells in biological scaffolds has not
been performed so far.
4.3 Materials and Methods
4.3.1 Preparation of 3D vascularized tissue equivalents
In order to cast the collagen-cell mixture, pig skin collagen (PSC Type I) and hu-
man umbilical cord blood endothelial colony forming cells (ECFCs, EndGenitorTech.,
Indianapolis) were used as shown in Fig. 4.1. ECFCs are known to have a self-renewal
and highly proliferative capacity [59]. For the preparation, ECFCs were first injected
in neutralized oligomer solutions with fixed stiffness of 200 Pa. The collagen-cell mix-
tures were then placed into 4-well tissue culture plate at 0.5 ml/well and allowed to
polymerize in a 37 ◦C incubator for 20 - 25 minutes. Finally, the cells were cultured
with endothelial growth medium (EGM-2, Lonza) in an incubator (37 ◦C, 5% CO2)
for about 7 days. The fixed cell density was 5 × 105 cells/ml and the ECFCs were
used between passage 6 to 10. The details for the preparation of 3D collagen matrices
and vascularized tissue equivalents are described elsewhere [60].
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4.3.2 Experimental schematic for particle injection near the vessel
Fig. 4.2 shows the experimental setup for the injection of particles near the
vessel in the 3D matrix. First, a 4-well tissue culture plate containing vascularized
tissue equivalents was mounted using an inverted microscope (IX71, Olympus) with
Retiga 2000R (Q-Imaging). Target vessel networks were focused using a 20x objective
lens. In order to induce osmotic pressure, two different-sized particles were employed:
40 kDa FITC-labeled dextrans and 500 nm fluorescence beads. These fluorescent
particles were injected near the vessel networks using a micro-injection system (MINJ-
D-BDCI, Tritech) with a micro-tip. The inner diameter of the used micro-tip was
2 µm. Images were then obtained at a 2 second interval for 1 minute for 40 kDa
dextran and at 1 minute intervals for 1 hour for a 500 nm fluorescence bead.
4.3.3 Extraction of region of interest (ROI)
Since the vessel is only deformed near the injected particles, it is necessary to
extract only the representative deformable area. Fig. 4.3 shows the overall concept for
extraction of region of interest (ROI) using intensity difference between two images.
Briefly, after taking time-lapse images, intensities of two images were subtracted
from each other. Fig. 4.3 (right-sided image) shows the absolute value of intensity
difference between two images. As shown, the area where particles were injected
reveals higher intensity difference compared to other ones (red and blue color indicates
high and low intensity difference, respectively).
How the representative area for analysis should be extracted is a significant chal-
lenge because the whole area of the vessel was not moved and deformed. In this study,
an image blocking method was employed by dividing the image pair by interrogation
window regions as shown in Fig. 4.4.
After making blocks in the image pair, the intensities between corresponding
blocks of two images were subtracted. For each block, the intensity difference values
were summed. Then, gray level image normalization was performed for convenience.
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Thus, brighter fields show higher deformation areas. Fig. A.7 shows an example
of image subtraction using 75 × 100 interrogation window size. As shown, it was
clearly observed that the intensity values were higher where the vessel was deformed
compared to other areas. However, since the window size is too small compared to
the whole deformed vessel area, the size needs to be increases. Figs. A.8, A.9, and
4.5 show examples using 150 × 200, 300 × 400, and 400 × 400 interrogation win-
dow sizes, respectively. For 150 × 200 and 300 × 400 window sizes, the maximum
deformable area was detected only around the area where particles were placed, not
including the actual vessel area. This is natural because of particle diffusion and
subsequent higher intensity change. Therefore, several repetitions of this process are
needed for finding an appropriate deformable area. As shown in Fig. 4.5, when using
400 × 400 interrogation window size, it was clearly found that the selected size was
suitable because it not only included the most deformable area of the vessel but also
was sufficient enough to be analyzed. This procedure applied to the other vessel areas
as well.
4.3.4 Detection of vessel boundary
Fig. 4.6 shows a flow chart of image processing used for detection of vessel bound-
ary. After image acquisition, FFT-band pass filter, which is used for only extraction
of frequencies within a certain band by ignoring high and low frequencies, was applied
for more clear images to process. Then, the images were converted to be binary and
outliers were removed. Finally, a pedestrian alpha shape extractor was applied to the
image for boundary detection. The image processing was performed using Image-J
and MATLAB (Mathworks).
The alpha shape extractor is a convenient method for extracting the boundary
shape of a set of points. The technique allows us to specify a dis- tance (alpha) over
which the surface should be convex. This algorithm is based on Qhull and Delaunay
tetrahedralization of a set of points. The distance is interpreted as the radius of a
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circle that will roll around the line, with the boundary of the circle touching one to
two of the points . ASHAPE of MATLAB used in this study as a simple wrapper
for ASLIB, which implements several subroutines to extract and display 2D alpha
shape and alpha patches from a set of x, y data points. ASLIB returns a structure,
which contains all relevant parameters, data, and results including graphic handles to
plotted elements. Fig. 4.7 shows detected boundaries of the vessel with the varying
radius of alpha circle (50, 100, 150, and 200). When the radius was applied to 50,
two separate boundaries were detected, which did not replicate the actual vessel.
However, around 100 of the radius, one boundary around the vessel appeared to be
showing a similar shape to the actual vessel boundary. Based on the fact, it can be
concluded that if the alpha is too small, the boundary can be separated. However, if
the alpha is too large, the boundary can be oversized with distortion. Therefore, an
appropriate alpha should be chosen after several trial-and-error.
Fig. 4.8 shows an overlay of detected vessel boundary and the actual image
with the use of 200 (alpha). Overall, the boundary extracted from the alpha shape
algorithm coincides with the actual vessel wall even though there were some distorted
parts, especially in the center.
Fig. 4.9 shows boundary detection (i.e., red curve) within the representative area
after image blocking. It was clearly observed that vessel boundary well matched with
the real vessel boundary.
4.3.5 Estimation of a volume and surface area using the sectional method
It was clearly shown from the extracted points from boundary from the alpha
shape extractor that the bottom part of the vessel was deformed over time as shown
in Fig. 4.10.
Based on the boundary points extracted by the alpha-shape function, the surface
area and volume can be estimated. First, for more accuracy, the upper and lower
curves were curve fit to the 4th polynomial function with good-fitness (R2 > 0.95) as
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shown in Fig. 4.11(a). Then, a sectional method (or Riemann sum) was employed
for an approximation of the area or volume of by dividing the region up into several
shapes (rectangles or trapezoids) with the specific subinterval (∆x) as shown in Fig.
4.11(b). Digitized areas of all samples over time are shown in Figs. A.10 - 12.
Once the area of each divided section is obtained, the whole surface area can be






1 + (f ′(xi))2∆x (4.1)
where N is the number of divisions and ∆x is the magnitude of the subinterval.
In general, the higher number of subdivision tends to have more accurate value but
it requires more time for calculation. In this study, 50 as N was used since above this
value, the area variation is within 3%. Volume was also calculated using the same






4.3.6 A poroelasticity theory for the transcapillary flow
The capillary wall has been known as a semi-permeable porous structure which
consists of a solid and fluid component [125, 127]. In order to describe the solid and
fluid motion, mass and momentum conservations for each component are given by
the following equations: (4.3) mass conservation for the fluid; (4.4) mass conservation
for the solid; (4.5) modified Darcy’s law; and (4.6) Stress equilibrium.
∂
∂t
(ρfφ) +∇ · (ρfφuf ) = 0 (4.3)
∂
∂t
(ρs(1− φ)) +∇ · (ρs(1− φ)dus
dt
) = 0 (4.4)
φ(uf − dus
dt
) = W = −k
µ
∇P (4.5)
∇ · σT = 0 (4.6)
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ρf , ρs, φ, uf , us, W , µ, k, and P are the fluid density, solid density, porosity,
fluid velocity in the porous medium (averaged or pore velocity), solid displacement,
filtration velocity which is the relative velocity of the fluid phase with respect to the
solid phase, dynamic viscosity, permeability and effective pressure. σT is the total
stress and its stress tensor is written as
(σT )ij = −Pδij + τij (4.7)
where δij is Kronecker delta where the function is 1 if the variables are equal, and 0
otherwise. In addition, we call the first quantity on the right hand side
P = p− σpi (4.8)
The effective pressure (P ) which consists of hydrostatic pressure (p) and osmotic
pressure (pi). A contact stress which depends on the bulk deformation of the solid
matrix only is given by:
τij = λekkδij + 2Geij (4.9)
This equation is based on linear elasticity theory. λ and G are the Lame constant,
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4.3.7 Filtration velocity, strain and stress for the capillary wall
In general, since a flow within the blood vessel is a pulsatile flow with periodic
variations, the force exerting on the vessel wall varies with time. Accordingly, the
force is known to affect the transvacular flow across the wall or stress and strain in
the wall. In reality, however, it is very difficult to exactly predict the interaction
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between fluid and vessel wall and the subsequent fluid and solid movement. In this
study, since the fluid within the lumen is stationary, several assumptions were made
to simplify the mathematical models as follows:
• The vessel wall is the only region of interest for analysis.
• Vessel wall consists of solid and fluid phase which are both incompressible.
• Circular cross-section of the vessel is assumed [60].
• The filtration velocity (W (r)) can be obtained by filtration rate and surface
area.
• The effective stress (P ) is a function of hydrostatic pressure and os- motic pres-
sure.
• The lumen diameter and deformation are much larger than wall thickness and
deformation, so the vessel thickness is assumed to be constant (∆R) and only transvas-
cular water transport is considered [125]. (Negligible transmembrane water transport)
• Deformation is only a function of radial distance (u(r)) (No shrinkage in other
directions).
• Dynamics are determined completely by pressure gradients and no contact forces
act on the inner and outer walls.
First of all, mass conservation is given by:




(rW (r)) = 0 (4.11)









[pc − pi + σ(pic)− pii] = c1
R
(4.13)




[pc − pi + σ(pic)− pii] (4.14)
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Due to the fluid motion, the vessel wall is locally deformed and the resulting stress
and strain can be estimated. From Equations (4.7), (4.8), and (4.9), Equation (4.6)









eij = 0 (4.15)
Based on the assumption above, since the displacement (u(r)) is the only function of








By substituting Equation (4.16) into Equation (4.15), the Equation (4.15) can be



















As this differential equation is the Euler type, its solution is easily found to be
as below. Two boundary conditions are required and these are obtained from the
observation that physically the dynamics are determined completely by pressure gra-
dients, and that contact stress is independent of pore pressure for incompressible
constituents. Thus there is an assumption that no contact forces act on the inner and
outer walls.



























where τrr(R)= τrr(R + ∆R)=0
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4.3.8 A concept for estimation of the hydraulic conductivity
Fig. 4.12 shows a concept for estimation of the hydraulic conductivity. When the
osmotic force is applied on the vessel wall, the diameter is decreased, as shown in Fig.
4.12(a). Fig. 4.12(b) shows a flow chart for estimation of the hydraulic conductivity.
Briefly, the displacement and filtration velocity are measured from image processing of
raw images. A dimensionless factor (c1/2kc) including a consolidation coefficient (kc)
and effective pressure difference (∆P ) are estimated through the displacement equa-
tion based on the poroelastic theory. By substituting the pressure difference into the
modified Darcys law, the capillary permeability (k) is obtained and finally hydraulic
conductivity (Lp) can be estimated. The right section in Fig. 4.12(b) shows equa-
tions and sequence for the hydraulic conductivity. In this equation, the displacement
is assumed to be a function of the radial distance (u(r)) in cylindrical coordinates as
mentioned before. For the estimation of hydraulic conductivity, two parameters (ν, G
or E) should be known which have not been measured in the capillary walls yet [125].
Moreover, since our vascularization was immature and unstablized, just using fixed
parameters might not go to the right direction. Therefore, a parametric study with
varying ν and E was performed to check the sensitivity of the hydraulic conductivity
to the values of these parameters.
4.4 Results
4.4.1 Characteristics of vessel morphology
Fig. 4.13 shows the morphology of ECFCs upon culturing for 7 days. Initially, the
suspended cells were in the shape of a sphere in the 3D matrix (day 0). However, they
started to stretch and slightly move after day 1. From day 4 to day 6, they grouped
together and started to form vessel networks. On day 7, vessel networks with lumen
and wall were clearly observed.
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These generated vessel networks can be classified as four types according to the
shape and size as shown in Fig. 4.14: (1) a single vessel with a long extension, (2)
a single vessel with multiple branches and a small lumen, (3) a single vessel with
multiple branches and (4) a large lumen, and multiple vessels with multiple branches
and various-sized lumens. Single vessels with a long extension were most frequently
observed, followed by single vessels with the small, large lumen, and multiple vessels.
4.4.2 Diffusion of particles near the vessel networks
Fig. 4.15 shows time-lapse images during the diffusion of 40 kDa-sized dextran
near the vessel network. Due to faster diffusion and a higher photobleaching effect of
40 kDa dextran over the 500 nm fluorescence bead, images were quickly taken at a
1 second increment for 60 seconds. First, it was observed that with increased time,
particles moved with effective diffusivity (Deff ) of 4.99 × 10−11 ± 6.30 × 10−12 m2/s
showing that the size of a particle cluster became wider with time. Deformation or
movement of the vessels, however, was not observed.
Fig. 4.16 shows a vessel with a large lumen. Compared to the 40 kDa dextran,
the diffusion of 500 nm fluorescence particles (Deff = 7.44 × 10−14 ± 4.41 × 10−14
m2/s) was very slow, so the images were obtained over a longer period of time, for
example at 60 minutes with a time increment of 1 minute. Since the fluorescence
beads have a high negative zeta potential value (See Appendix B), those particles are
in the state of excellent stability, not to become aggregates. When microbeads were
injected near the vessel, there was a noticeable change in the vessel structure. For
example, a vessel diameter near the microbeads significantly decreased from 0 to 60
minutes. An impermeable fluorescence bead of 500 nm in diameter is thought to give
rise to the interstitial osmotic pressure promoting water to extravasate through the
vessel wall. A similar phenomenon was observed in the case of a vessel with a small
lumen as shown in Fig. A.13.
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4.4.3 Results of hydraulic conductivity
Table 4.1 shows the range of hydraulic conductivity in human and other vertebrate
animals (frog and rat). It can be found that the order of values for endothelial
monolayer or capillary vessel ranges between 10−10 to 10−12 m/Pa/s, except for one
case (Gentile, 10−6 m/Pa/s). These data sets can be used as a basis for parametric
study.
Before the parametric study, the hydraulic conductivity using the Starlings law
was estimated. Overall, the estimated values were higher compared to previous stud-
ies. As mentioned above, this is because of the classical view using Starlings law
regarding the vessel wall as a passive barrier in transcapillary transport without con-
sidering wall deformation, movement, and cellular dehydration. The details and pro-
cedure are attached as Appendix C. Based on the previous data, a parametric study
was performed with different values of the elastic modulus and Possions ratio. Fig.
4.17(a) shows the hydraulic conductivity against the elastic modulus under constant
Possions ratio of 0.3. The elastic modulus and hydraulic conductivity was inversely
related. As elastic modulus was higher, hydraulic conductivity was lower. Specifically,
the hydraulic conductivity was shown to be in the order of 10−12 m/Pa/s at elastic
modulus of 1 kPa. Around 10 to 100 Pa of the elastic modulus, the measured hy-
draulic conductivity was compared with the previous studies (10−10 - 10−11 m/Pa/s).
Thus, an elastic modulus of 100 Pa was selected for the next study for assessing the
effect of Possions ratio on the hydraulic conductivity. Fig. 4.17(b) shows hydraulic
conductivity against Poissons ratio with the constant elastic modulus of 100 Pa. It
was observed that there was slight difference in hydraulic conductivity with the dif-
ferent Poissons ratio. However, the difference was not significant compared to the
case of elastic modulus. From 0.1 to 0.495 of Poissons ratio, the degree of change
of hydraulic conductivity was within the same order of magnitude. In the light of
results, the effect of elastic modulus was found to be a significant factor affecting
hydraulic conductivity.
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4.5 Discussion and Conclusion
This is a parametric study performed to estimate endothelium hydraulic conduc-
tivity for vessel functionality. For this, a new method using the osmotic pressure-
driven vessel deformation and the poroelastic theory was utilized. Unlike previous
studies, this technique does not require any artificial channel for making the endothe-
lial cell monolayer. Also, it has a lower possibility to damage the vessel compared
to the cannulation technique [136]. Finally, by applying the sophisticated poroelastic
theory to the vessel wall, a more accurate measurement of hydraulic conductivity can
be achieved compared to the Starlings law.
It was clearly demonstrated that among the several parameters for the parametric
study, the elastic modulus was the most significant factor regulating the hydraulic
conductivity. In particular, when the elastic modulus with 10 - 100 Pa and Possionss
ratio with 0.3 were applied, the hydraulic conductivity was in agreement with the
previously measured hydraulic conductivity.
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Table 4.1.
Hydraulic conductivity values of human and animal capillary vessels.
Study Hydraulic conductivity [Pa/m/s] Model
Chang (2000) [139] ∼ 10−11 HUVECs, BAECs, BRECs
Michel (1999) [141] ∼ 10−10 − 10−11 Human microvessel
Jain (1989) [142,143] ∼ 10−10 − 10−12 Human capillary
Gentile (1989) [123] ∼ 10−6 Human skin capillary
Neal (2002) [136] ∼ 10−11 Frog mesenteric capillary
Adamson (2013) [137] ∼ 10−11 Rat mesenteric capillary
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Fig. 4.1. Morphology of ECFCs with a self-renewal and highly prolif-
erative capacity in the 2D flask.
71
Fig. 4.2. Experimental setup for the injection of particles near the
vessel network. Two different-sized particles were employed: 40 kDa
FITC-labeled dextran and 500 nm fluorescence beads.
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Fig. 4.3. Intensity difference between two time-lapse images. Red and
blue colors indicate high and low intensity difference respectively.
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Fig. 4.4. The image blocking method using interrogation windows
were used for the extraction of the representative area, region of in-
terest (ROI).
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Fig. 4.5. The extraction of the ROI using 400 × 400 interrogation
window size. The window size was the most suitable because it not
only included the most deformable area of the vessel but also was
sufficient enough to be analyzed.
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Fig. 4.6. An image processing through Image-J and MATLAB was
used to obtain more clear images to process for detecting the vessel
boundary.
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Fig. 4.7. Examples of the vessel boundary detection using the alpha-
shape function with different alpha values (50, 100, 150, and 200). If
the alpha is too small, the boundary can be separated, whereas if the
alpha is too large, the boundary can be over-sized with distortion.
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Fig. 4.8. Overlay of the detected vessel boundary and raw image with
the use of 200 (alpha). There were some distorted parts, especially in
the center.
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Fig. 4.9. Raw image with image blocking, ROI extraction, and bound-
ary detection. This procedure was applied to three vessel networks.
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Fig. 4.10. Vessel deformation over time (0 min, 20 min, 40 min, and
60 min). Outer points after applying the alpha shape function to the
vessel were extracted and compared. In particular, the bottom part
of the vessel was clearly deformed over time.
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Fig. 4.11. Polynomial curve fitting and the sectional method for the
surface area and volume calculation by dividing the region up into
many elements with the specific subinterval.
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Region of interest
Fig. 4.12. A concept and procedure for estimation of hydraulic con-
ductivity: (a) osmotic pressure-driven vessel deformation, and (b)
flow chart and the corresponding equations.
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Fig. 4.13. Morphology of ECFCs in the 3D oligomeric matrix. ECFCs
grouped together and coalesced to form vessel networks over time.
Around day 7, vessel networks with lumen were clearly observed.
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Fig. 4.14. Various vessel networks formed by vasculogenesis: a single
vessel with a long extension, a single vessel with multiple branches
and a small lumen, a single vessel with multiple branches and a large
lumen, and multiple vessels with multiple branches and various-sized
lumens.
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Fig. 4.15. Injection of 40 kDa FITC-labeled dextran. The size of a
particle cluster became larger, but any deformation or movement of
the vessels was not observed.
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Fig. 4.16. Injection of 500 nm fluorescence bead near the vessel with
a large lumen. It was clearly shown that the vessel diameter near the
microbeads significantly decreased from 0 to 60 minutes.
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Fig. 4.17. A parametric study for the hydraulic conductivity using
two parameters (E and ν). (a) The effect of the elastic modulus on
the hydraulic conductivity was clearly observed. As elastic modulus
was higher, hydraulic conductivity was lower. (b) However, the effect
of Poissons ratio on the hydraulic conductivity was slight.
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5. SUMMARY
In this thesis, computational modeling and experimental study were performed to in-
vestigate the structure-functionality relationship of collagen scaffolds. The first study
developed computational models (i.e., parameter- and image-based models) using ex-
perimental data to predict transport property (i.e., permeability and diffusivity), one
of the important properties for tissue functionality. The developed computational
models seemed to underestimate the permeability result compared to what was ob-
served experimentally. However, of several different predictive models for perme- abil-
ity, the image- and parameter-based models developed in the present study showed
predicted values closest to the experiment data. For diffusivity, the computational
results showed a similar trend and magnitude of the experimental ones.
During cryopreservation of tissues, freezing-induced structural deformation of the
tissues and cells occurs due to ice formation within the intra- cellular and extracellular
spaces. The major focus of this study has been to develope optimal combinations of
CPAs and freeze/thaw (F/T) protocols for functional tissue and cell preservation
which can be successfully employed across many cell types. In the second study,
we have tested the hypothesis that the modulation of the cytoskeletal structure can
mitigate the freezing-induced changes of the functionality of ET and can reduce the
amount of CPA necessary to preserve the ETs functionality during cryopreservation.
In order to investigate the hypothesis, the ETs were exposed to various F/T conditions
with and without CPAs, and the freezing-induced cell-fluid-matrix interactions and
subsequent functional properties of the ETs were assessed. The results showed that
the combined effects of cytoskeletal structure and CPA on the post-thaw functional
properties can be confirmed showing that the use of only a smaller concentration
was very successful in completely preserving the elastic moduli (E0 and E1) and the
viscous friction (µ1) to the pre-frozen state of 3D STR.
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Currently, it has been known that generating vasculatures within the tissues is
the most difficult aspect of tissue engineering and regenerative medicine. The third
study used a parametric approch to estimate endothelium hydraulic conductivity
for vessel functionality. For this, a new method using the osmotic pressure-driven
vessel deformation and the poroelastic theory was applied. Results showed that the
hydraulic conductivity was the most sensitive factor to be influenced by the elastic
modulus compared to other parameters. When the elastic modulus with 10 - 100
Pa and Possionss ratio with 0.3 were applied, the hydraulic conductivity was well-
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Fig. A.1. Fibrilar structures generated by the parameter-based
method (Top-view). The points and lines are generated using MAT-
LAB, then exported to the FEA commercial program (ANSYS) for
reconstruction. There is a clear difference in microstructure among
0:100, 50:50, and 100:0.
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Fig. A.2. Boundary conditions for permeability and diffusivity calculation.
103
Monomer 1 Monomer 2 
Monomer 3 
Fig. A.3. Monomer matrices from image-based reconstruction (n = 3).
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Oligomer 1 Oligomer 2 
Oligomer 3 
Fig. A.4. Oligomer matrices from image-based reconstruction (n = 3).
105
Fig. A.5. Diffusivity values of FITC-labeled dextran with four dif-
ferent sizes (4 kDa, 10 kDa, 40 kDa, and 500 kDa) for 0:100 and
100:0.
106
Fig. A.6. Temporal strain response () of acellular collagen gel and
3D CTR (Unfrozen ET) under constant stress (σ).
107
Fig. A.7. Extraction of the ROI using 75 × 100 interrogation window size.
108
Fig. A.8. Extraction of the ROI using 150 × 200 interrogation window size.
109
Fig. A.9. Extraction of the ROI using 300 × 400 interrogation window size.
110
Fig. A.10. Digitization of the first vessel network using the sectional
method for surface area and volume calculation.
111
Fig. A.11. Digitization of the second vessel network using the sectional
method for surface area and volume calculation.
112
Fig. A.12. Digitization of the third vessel network using the sectional
method for surface area and volume calculation.
113
Fig. A.13. Vessel with a small lumen and the injected 500 nm fluores-
cence bead. The initial diameter of the cluster was about 41.3 um and
the diameter size became larger with an increase in time until 62.5
um at 60 minutes. Noticeably, there was a clear change in the vessel
shape. For example, it was observed that the vessel near the particles
became smaller in length and partly contracted over time. This is
thought to be due to the fact that particle-driven osmotic pressure
caused an outflux of the water within the vessel lumen.
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B. MEASUREMENT OF SURFACE PROPERTY OF
FLUORESCENT POLYMER MICROSPHERES (500 NM)
Zeta potential of 500 nm-sized microsphere (particle composition: Polystyrene) was
measured to understand surface property. The microspheres (G500) that we currently
use are were concentrated as 1% solids in aqueous solution (approximately 9.618
mg/mL). In general, to perform the zeta potential, concentration should be much
less than 1 mg/mL. For this, the stock solution was diluted as around 0.0096 mg/mL
using 1 mM phosphate buffer solution (pH 7.4 and). Then, diluted solution (about
700 µL) was injected into disposable capillary cell. Finally, the capillary cell was
mounted on the equipment (ZETA SIZER NANO) for zeta potential measurement.
Fig. B.1 shows measured values of zeta potential. The values were in the order
of the similar magnitude as -68.1 mV (1st) and -67.3 mV (2nd) respectively. It
has been known that zeta potential is strongly relevant to the stability of colloidal
dispersions. Zeta potential indicates the degree of repulsion between similarly charged
particles in a dispersion. When the potential is high, it means that the dispersion
prevents aggregation. In contrast, a lower value indicates that particles tend to be
flocculated because attraction exceeds repulsion. Table B.1 shows the criteria of
stability according to the value of zeta potential [144,145]. Our measured values are
within the range of excellent stability by Table B.1. In fact, the high potential value
of microspheres is a natural result because we have used commercial particles , which
means that they are intended to be uniformly distributed and should not be forming
aggregates in the aqueous solution.
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Fig. B.1. Results of zeta potential measurement. The values were on




Stability criteria of the colloid.
Zeta potential Stability behavior of the colloid
From 0 to ± 5 Rapid coagulation or flocculation
From ± 10 to ± 30 Incipient instability
From ± 30 to ± 40 Moderate stability
From ± 40 to ± 60 Good stability
More than ± 61 Excellent stability
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C. ESTIMATION OF THE HYDRAULIC
CONDUCTIVITY USING THE STARLING’S LAW
C.1 Estimation of hydraulic conductivity
In order to describe the transcapillary transport of the fluid, Starlings law was
used as follows:
Jv = LpS[(Pc − Pi)− σr(pic − pii)] (C.1)
Where Jv = Fluid filtration rate (m
3/s), Lp = Hydraulic conductivity of the vessel
(m/Pa/s), S = Surface area of the vessel (m2), Pc = Capillary hydrostatic pressure
(Pa), Pi = Interstitial hydrostatic pressure (Pa), pic = Capillary oncotic pressure (Pa),
pii = Interstitial oncotic pressure (Pa), and σr = Osmotic reflection coefficient.
Several assumptions were made for the estimation of hydraulic conductivity. First,
capillary and interstitial hydrostatic pressures were set to be zero because there was
no driving force like the heart in the human body. In addition, capillary oncotic
pressure was also assumed to be zero because of the very small value compared to
interstitial oncotic pressure. Finally, since the vessel wall was absolutely impermeable
to particles 500 nm in diameter, the osmotic reflection coefficient was set to be unity.
Therefore, Equation (C.1) can be reduced to Equation (C.2):
Jv = LpSpii (C.2)
By substituting the estimated surface area and filtration rate using the sectional
method into the above equation, the hydraulic conductivity can be obtained.
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C.2 Calculation of interstitial osmotic pressure
In order to calculate the vessel permeability, interstitial osmotic pressure should
be obtained first. Osmotic pressure is a force per unit area which needs to be applied
to a solution to prevent the inward flow of water across a semipermeable membrane.
In general, it is proportional to the concentration of the solute, but independent of
the type of solutes in dilute binary systems. In the dilute solution (C < 0.01 M),
the osmotic pressure can be calculated using the following relation proposed by Van’t
Hoff:
pii = CRT (C.3)
Where C is the molarity (M), R is the gas constant (8.314 J/K/mol), and T is the
absolute temperature (293 K).







= 6.54×10−20m3/particle = 6.54×10−14[mL/particle] (C.4)
Subsequently, the number of particles per volume is as follows:
1
6.54× 10−14mL/particle = 1.53× 10
−13[particles/mL] (C.5)
It should be noted that 500 nm-sized fluorescence beads used in this study were stored
as 1% stock solution. Therefore this factor should be taken into consideration when
calculating the actual number of particles per volume with the following:
1.53× 10−13 × 0.01 = 1.53× 10−11[particles/mL] (C.6)
Then, the molarity can be acquired using Avogadro number as follows:
C =
1.53× 10−11[particles/mL]
6× 1023[particles/mol] = 2.55× 10
−13[mol/mL] = 2.55× 10−13[M ] (C.7)
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When this number is substituted into Equation (C.3), the osmotic pressure can be
obtained as follows:
CRT = 0.0000045[mmHg] = 0.0005985[Pa] (C.8)
On the basis of the result above, interstitial osmotic pressure of 0.0005985 Pa was
utilized for the measurement of hydraulic conductivity.
C.3 Results of the hydraulic conductivity
By plugging in these derived numbers (i.e., fluid filtration rate, osmotic pressure,
and surface area of the vessel) into Equation (C.2), hydraulic conductivity can be
finally obtained. Table C.1 shows the hydraulic conductivity of the three samples
measured in this study. The obtained permeability values of the three samples are
very similar and are in the order of 10−6: an average value 3.04 × 10−6 m/Pa/s for
the first sample, 9.27 × 10−7 m/Pa/s for the second sample, and 1.93 × 10−6 m/Pa/s
for the third sample.
Table C.1.
Filtration rate, surface area, and hydraulic conductivity obtained by
the Starling’s law.
Jv [m
3/s] S [m2] Lp [m/Pa/s]
Sample 1 1.22 × 10−17 6.63 × 10−9 3.04 × 10−6
Sample 2 6.29 × 10−18 1.14 × 10−8 9.27 × 10−7
Sample 3 1.09 × 10−17 9.42 × 10−9 1.93 × 10−6
Average 9.83 × 10−18 9.15 × 10−9 1.96 × 10−6
There is still controversy regarding the hydraulic conductivity of a capillary vessel
because various studies have shown different orders of hydraulic conductivity. Michel
et al. reported a much lower hydraulic conductivity than what we have seen in this
study. They showed that normal vessel permeability was ranging from 10−10 to 10−11
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m/Pa/s [141]. Sun et al. showed that hydraulic conductivity for a tumor vessel
increased by up to an order of 10−8 m/Pa/s [146]. In contrast, another study showed
a very similar range in the permeability value for capillaries that was similar to our
measured value. For example, Gentile et al. reported the hydraulic conductivity
of capillaries for various organs. Similar to the value obtained in this study, the
hydraulic conductivity of capillaries in skin was about 10−6 m/Pa/s [123].
Despite a wide range of results, it is thought that the measured permeability value
in this study given an overestimation of the permeability compared to what is seen in
an normal vessel. One of the possible reasons is due to the classical view of Stalings
law assuming the passive role of the vessel wall mentioned above. Second, vascular
network formed by engineered vasculogenesisis was neither completely functional nor
and matured. In fact, the biological process of new blood vessels formation is a much
more complex phenomenon. In order to form a complete capillary vessel, endothelial
cells, pericytes and several growth factors and cytokines need to be involved. Pericytes
are known to contribute to vessel stability and maturation by surrounding endothelial
cells within the newly formed vessel. In contrast, in a tumor vessel, it is known that
there is no pericyte activity, therefore the structure becomes more unstable and leaks
often compared to a normal vessel. As such, hydraulic conductivity in a tumor vessel
is generally much higher compared to a normal vessel. This is very similar to the
current situation in our study. In our experimental design, there was no component,
such as a pericyte, for maturation and stabilization of the vascular network, and thus
the measured permeability is thought to be higher when compared to a normal vessel.
It can be confirmed that the measured permeability values of the current vessels
are closer to the permeability values in tumor vessels, than compared to those in
normal vessels. Finally, one possible reason might be due to an overestimated volume
rate. As mentioned above, the cross-section of the vessel networks in this study was
assumed to be circular. However, the cross-section of new blood vessels formed in our
experiments might not be completely circular. Therefore, the estimated volume rate
might be higher than actual and may lead to a higher hydraulic conductivity.
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D. SOURCE CODES FOR THE TWO POINT
NEIGHBORING CONNECTION (TNPC) METHOD
% Modeling of Fibrils for monomer and oligomer
%% (1). Input fluid domain sizes and random points
clear all; clc;
format long;
x= 23.208; % [um]
y= 23.208; % [um]
z= 23.208; % [um]
n=3000; % Number of interfibril points
x1=x*rand(n,1); % Generate random numbers
y1=y*rand(n,1);
z1=z*rand(n,1);
P=[x1 y1 z1]; % Coordinate of each point
FigA=figure(’Name’,’Points’,’NumberTitle’,’on’); % Figure generation
set(FigA,’Visible’,’on’);
view(-40,30);
plot3(x1,y1,z1,’r.’); grid on; hold on; axis([0 x 0 y 0 z]);
%% (2). Input fluid domain sizes and random points
disp(sprintf(’Start to save points’))
fid=fopen(’P new.txt’,’w’); % Save as ’txt file’ of two consecutive points
for i=1:1:n
for j=1:1:n
d(j)=pdist([P(i,:);P(j,:)],’Euclidean’); % Calculate Distance
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[val ind] = sort(d,’ascend’); % Sort distance in ascending order





fprintf(fid,’%f %f %f ’˚,P new(2*k-1,1),P new(2*k-1,2),P new(2*k-1,3));





%% (3). Generate lines
fid=fopen(’P new.txt’,’r’);





plot3(P new(:,1),P new(:,2),P new(:,3),’r.’);
grid on; hold on; axis([0 x 0 y 0 z]);
view(-40,30);
NumOfLines=length(P new)/2; % The number of generated lines
for m=1:1:NumOfLines % From Sequence of Differences
line([P new(2*m-1,1) P new(2*m,1)],[P new(2*m-1,2)
P new(2*m,2)],[P new(2*m-1,3) P new(2*m,3)]);
end
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%% (4). Predict the porosity
for m=1:1:NumOfLines % From Sequence of Differences
D(m)=pdist([P new(2*m-1,:);P new(2*m,:)],’Euclidean’); % Calculate Distance
end





%% (5). Save ”Macro” as ’txt’ file
fid=fopen(’Cylinder(Final).txt’,’w’);
for m15=1:1:NumOfLines
fprintf(fid, ’ic surface cyl GEOM srf.%d pnt%d pnt%d %1.2f
%1.2f %1.2f %1.2f ’˚, m15-1, 2*m15-2, 2*m15-1, Df, Df, Df, Df);
end
fclose(fid);
% (6). Calculate ”Mean Fibril Branching Length”
fid=fopen(’P new.txt’,’r’);
P new=fscanf(fid,’%f %f %f’, [3,inf]);
P new=P new’;
fclose(fid);
NumOfLines=length(P new)/2; % The number of generated lines
for m=1:1:NumOfLines % From Sequence of Differences




E. SOURCE CODES FOR ESTIMATION OF THE
HYDRAULIC CONDUCTIVITY
E.1 Extraction of the representative area using the image blocking
% Codes for the extraction of the region of interest (ROI)
%% (1). Skeleton routine to load image files into matrices
clear all; clc;
% GUI to select files
[filename1, pathname1]=uigetfile(’*.tif’, ’Choose file 1’);
[filename2, pathname2]=uigetfile(’*.tif’, ’Choose file 2’);
% Load the images
[x1,map]=imread(fullfile(pathname1,filename1));
[x2,map]=imread(fullfile(pathname2,filename2));




%% (2). (Absoulte) Maximum Difference (AMD)
[rowsizeofx1, columnsizeofx1]=size(x1);
[rowsizeofx2, columnsizeofx2]=size(x2);
M=400; % Input interrogation window size
N=400;
Num row=rowsizeofx1/M; % Number of interrogation windows
Num col=columnsizeofx1/N;
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% Find max value and location





image(d New2/value*256); colormap(gray(256)); hold on;








%% (3). Overlay the images with blocks (interrogation windows)
figure(3)
% subplot(211), imshow(x1), hold on;
for k = 1:M:rowsizeofx1
x = [1 columnsizeofx1];




for k = 1:N:columnsizeofx1
x = [k k];





% subplot(212), imshow(x2), hold on;
for k = 1:M:rowsizeofx1
x = [1 columnsizeofx1];





for k = 1:N:columnsizeofx1
x = [k k];




%% (4). Cropping the region of interest (ROI) from the image
% Sample1
x1 Crop=imcrop(x1,[(Column-1)*N+1 (Row-1)*M+1 N-1 M-1]);
imwrite(x1 Crop,’C:\VesselFunctionality\MaxDeformable\Method1(AMD)\ROI1.tif’);
x2 Crop=imcrop(x2,[(Column-1)*N+1 (Row-1)*M+1 N-1 M-1]);
imwrite(x2 Crop,’C:\VesselFunctionality\MaxDeformable\Method1(AMD)\ROI2.tif’);
% Sample2
x1 Crop=imcrop(x1,[(Column-1)*N-400+1 (Row-1)*M+1 N-1 M-1]);
imwrite(x1 Crop,’C:\VesselFunctionality\MaxDeformable\Method1(AMD)\ROI1.tif’);
x2 Crop=imcrop(x2,[(Column-1)*N-400+1 (Row-1)*M+1 N-1 M-1]);
imwrite(x2 Crop,’C:\VesselFunctionality\MaxDeformable\Method1(AMD)\ROI2.tif’);
%Sample3
x1 Crop=imcrop(x1,[(Column-1)*N+1 (Row-1)*M+1 N-1 M-1]);
imwrite(x1 Crop,’C:\VesselFunctionality\MaxDeformable\Method1(AMD)\ROI1.tif’);
x2 Crop=imcrop(x2,[(Column-1)*N+1 (Row-1)*M+1 N-1 M-1]);
imwrite(x2 Crop,’C:\VesselFunctionality\MaxDeformable\Method1(AMD)\ROI2.tif’);
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E.2 Calculation of the surface area and volume using the sectional method
%% Calculation of surface area and volume using the body of revolution
clear all; clc;





M0=271.7; M1=-0.63512; M2=0.0057805; M3=-1.9662e-5; M4=2.9133e-8;
N0=57.154; N1=3.621; N2=-0.026206; N3=7.2775e-5; N4=-6.6092e-8;
y1=M0+M1*x+M2*x.∧2+M3*x.∧3+M4*x.∧4; % 1st line
y2=N0+N1*x+N2*x.∧2+N3*x.∧3+N4*x.∧4; % 2nd line
% % 20 min
M0=267.26; M1=-0.2475; M2=0.00076106; M3=2.0785e-6; M4=-6.1518e-10;
N0=262.31; N1=-0.6074; N2=0.0037388; N3=-1.078e-5; N4=1.3816e-8;
y1=M0+M1*x+M2*x.∧2+M3*x.∧3+M4*x.∧4; % 1st line
y2=N0+N1*x+N2*x.∧2+N3*x.∧3+N4*x.∧4; % 2nd line
% % 40 min
M0=252.4; M1=-0.0058295; M2=-0.00038859; M3=4.6598e-6; M4=-3.105e-9;
N0=254.53; N1=-0.037382; N2=-0.0030861; N3=1.8541e-5; N4=-2.6047e-8;
y1=M0+M1*x+M2*x.∧2+M3*x.∧3+M4*x.∧4; % 1st line
y2=N0+N1*x+N2*x.∧2+N3*x.∧3+N4*x.∧4; % 2nd line
% % 60 min
M0=268.32; M1=-0.34461; M2=0.0019634; M3=-3.6392e-7; M4=-1.2822e-9;
N0=312.27; N1=-1.4261; N2=0.0083994; N3=-1.8173e-5; N4=1.3596e-8;
y1=M0+M1*x+M2*x.∧2+M3*x.∧3+M4*x.∧4; % 1st line




M0=-131.78; M1=5.0729; M2=-0.040133; M3=0.00014356; M4=-1.7192e-7;
N0=169.19; N1=-3.5182; N2=0.031704; N3=-0.00010084; N4=1.0991e-7;
y1=M0+M1*x+M2*x.∧2+M3*x.∧3+M4*x.∧4; % 1st line
y2=N0+N1*x+N2*x.∧2+N3*x.∧3+N4*x.∧4; % 2nd line
%% 20 min
M0=12.322; M1=1.6449; M2=-0.010681; M3=3.7724e-5; M4=-3.8988e-8;
N0=80.262; N1=-1.9007; N2=0.024006; N3=-8.7016e-5; N4=1.0108e-7;
y1=M0+M1*x+M2*x.∧2+M3*x.∧3+M4*x.∧4; % 1st line
y2=N0+N1*x+N2*x.∧2+N3*x.∧3+N4*x.∧4; % 2nd line
%% 40 min
M0=-10.577; M1=2.2366; M2=-0.015299; M3=5.1973e-5; M4=-5.4186e-8;
N0=-154.87; N1=3.0124; N2=-0.011805; N3=2.0099e-5; N4=-1.0291e-8;
y1=M0+M1*x+M2*x.∧2+M3*x.∧3+M4*x.∧4; % 1st line
y2=N0+N1*x+N2*x.∧2+N3*x.∧3+N4*x.∧4; % 2nd line
%% 60 min
M0=60.367; M1=0.71985; M2=-0.0042508; M3=1.8237e-5; M4=-1.7179e-8;
N0=178.53; N1=-2.5757; N2=0.019372; N3=-5.1761e-5; N4=4.8949e-8;
y1=M0+M1*x+M2*x.∧2+M3*x.∧3+M4*x.∧4; % 1st line
y2=N0+N1*x+N2*x.∧2+N3*x.∧3+N4*x.∧4; % 2nd line
%% 3rd sample
%% 0 min
M0=197.04; M1=0.72507; M2=-0.0041987; M3=1.5664e-5; M4=-2.0791e-8;
N0=70.068; N1=1.5762; N2=-0.014267; N3=5.5997e-5; N4=-6.7942e-8;
y1=M0+M1*x+M2*x.∧2+M3*x.∧3+M4*x.∧4; % 1st line
y2=N0+N1*x+N2*x.∧2+N3*x.∧3+N4*x.∧4; % 2nd line
%% 20 min
M0=190.85; M1=0.99059; M2=-0.0065289; M3=2.2727e-5; M4=-2.7476e-8;
N0=135.23; N1=0.33956; N2=-0.0049631; N3=2.7339e-5; N4=-3.7061e-8;
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y1=M0+M1*x+M2*x.∧2+M3*x.∧3+M4*x.∧4; % 1st line
y2=N0+N1*x+N2*x.∧2+N3*x.∧3+N4*x.∧4; % 2nd line
%% 40 min
M0=192.07; M1=0.96941; M2=-0.0063246; M3=2.1672e-5; M4=-2.5831e-8;
N0=146.45; N1=-0.080198; N2=-0.000542; N3=1.2687e-5; N4=-2.2085e-8;
y1=M0+M1*x+M2*x.∧2+M3*x.∧3+M4*x.∧4; % 1st line
y2=N0+N1*x+N2*x.∧2+N3*x.∧3+N4*x.∧4; % 2nd line
%% 60 min
M0=193.52; M1=0.93266; M2=-0.0061034; M3=2.1286e-5; M4=-2.609e-8;
N0=147.7; N1=-0.16784; N2=0.00024588; N3=1.0414e-5; N4=-2.0154e-8;
y1=M0+M1*x+M2*x.∧2+M3*x.∧3+M4*x.∧4; % 1st line
y2=N0+N1*x+N2*x.∧2+N3*x.∧3+N4*x.∧4; % 2nd line
Mid=(y1+y2)/2; % Center line
p=polyfit(x,Mid,4); % Perform Linear curve fitting for the slope
pp=4*p(1)*x.∧3+3*p(2)*x.∧2+2*p(3)*x+p(4); % Slope of midline
% Plot the graph
figure(1)
hold on;
bar(x,y1,1,’y’); bar(x,y2,1,’w’); % Bar graph
xlim([x(1) x(end)]); % Set the limit value of axis
ylim([0 300]); % Set the limit value of axis
line(x,y1,’color’,’k’,’LineWidth’,2); line(x,y2,’color’,’k’,’LineWidth’,2);
line (x,Mid,’color’,’r’,’LineWidth’,2); % Linge generation
plot(x,y1,’ko’,x,y2,’ko’); plot(x,Mid,’ro’); % Point generation
Upper=abs(y1-Mid); % 1st difference
Lower=abs(Mid-y2); % 2nd difference
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